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Cable  Testing  and  Evaluation 
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PROCEEDINGS 

Responsibility  for  the  contents  rests  upon  the  authors  and  not  the  Symposium 
Committee  or  its  members.  After  the  symposium  all  the  publication  rights  of  each 
paper  are  reserved  by  their  authors,  and  requests  for  republication  of  a paper 
should  be  addressed  to  the  appropriate  author.  Abstracting  is  permitted,  and  it 
would  be  appreciated  if  the  symposium  is  credited  when  abstracts  or  papers  are 
republished.  Requests  for  individual  copies  of  papers  should  be  addressed  to  the 
authors.  Extra  copies  of  the  Proceedings  may  be  obtained  from  the  Symposium 
Chairman,  US  Army  Electronics  Command,  ATTN.  DRSEL-TL-ME,  Ft.  Monmouth, 
NJ,  07703.  (One  to  three  copies  $10.00  each;  four  to  ten  copies  $8.00  each;  eleven 
copies  and  above  $5.00  each).  Copies  may  also  be  obtained  for  a nominal  fee  from 
fhe  National  Technical  Information  Service  (NTIS),  Operations  Division,  Springfield, 
Virginia,  22151. 

Copies  of  papers  presented  in  previous  years  may  also  be  obtained  from  the 
National  Technical  Information  Service.  Papers  from  the  first  24  years,  with  their  AD 
numbers  are  catalogued  in  the  "KWIC  Index  of  Technical  Papers,  Wire  and  Cable 
Symposium  (1952-1975),”  December  1976  (AD-A027558). 


MESSAGE  FROM  THE  CO-CHAIRMEN 


Your  Co-Chairmen  heartily  welcome  you  to  the  25th  International  Wire  and 
Cable  Symposium.  The  symposium  last  year  was  the  most  successful  one  held  to 
date,  with  the  largest  attendance  (over  1350)  of  any  previous  symposium.  It 
was  a very  successful  meeting  as  evidenced  by  the  crowded  and  at  times  stand- 
ing room  only  space  available  during  many  of  the  technical  sessions.  The 
Conmittee  received  many  compliments  from  attendees  and  supporters  with  respect 
to  the  technical  sessions  and  the  new  location  for  the  symposium. 


This  year's  symposium  represents  our  silver  anniversary  and  the  Committee 
is  looking  forward  to  a very  exciting  and  enthusiastic  meeting.  The  response 
to  the  "Call  for  Papers"  was  tremendous  and  sixty  technical  papers  are  scheduled 
for  presentation.  This  Silver  Anniversary  Symposium  will  also  feature  an  open- 
ing session  with  a panel  of  experts  who  will  contrast  the  enormous  progress 
made  in  wire  and  cable  technology  during  the  past  twenty-five  (25)  years  with 
an  even  greater  potential  for  the  next  twenty-five. 


Committee  members  Joseph  M.  Flanigan  of  the  Rural  Electrification  Adminis- 
tration (REA)  and  James  Kanely  of  Superior  Continental  Corp.  are  retiring  from 
the  Committee  after  three  years  of  outstanding  service.  Joe  and  Jim  contributed 
significantly  to  the  success  of  the  Committee's  mission.  On  behalf  of  the  rest 
of  the  Committee  your  Co-Chairmen  wish  to  thank  them  both  for  their  efforts 
and  valuable  contributions  to  the  wire/cable  industry  and  wish  them  well  in 
their  future  activities. 


Your  Co-Chairmen  once  again  gratefully  acknowledge  the  unstinting  efforts 
of  our  Committee  members  and  the  unqualified  cooperation  of  representatives  of 
the  many  industrial  organizations  and  government  activities  in  attendance  at 
these  very  successful  symposia.  We  look  forward  to  the  continued  enthusaistic 
support  by  members  of  the  wire  and  cable  industry  and  the  dedicated  support  of 
our  Committeemen  to  ensure  comparable  success  in  future  years. 


F.  GODWIN,  Co-Chairman 


M.  TENDER.  Cc^Chairman 
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R Grahan 
H Weber 
A Maibau 
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W Crater 
P Grogan 
E Love 
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Guest  Speaker  Mr  Lee  Oberst.  Vice  President,  New  fork 
Telephone  Company 


HIGHLIGHTS  OF  THE  24th 
INTERNATIONAL  WIRE  AND  CABLE 
SYMPOSIUM 


Panel  Members- Tutorial  Session  Messrs  V Sielert, 
General  Telephone  and  Electronic  Corp  , G Landis, 
Allendale  Insurance  and  E,  J Coffey,  Underwriters 
Laboratories,  Inc 


Co-Chairmen  with  Commitee  Members  Standing  left  to 
right  J Hager.  Northern  Petrochemical  Co  , I Kolodny, 
General  Cable  Corp  , G Heller,  Tensolite  Co  . J Kanely. 
Superior  Continental  Corp  F M Farrell,  3M  Company,  G 
Webster,  Bell  Laboratories.  J Flanigan,  REA,  J Neigh, 
AMP  Inc  and  seated  Martha  Farago,  Northern  Telecom, 
Ltd 


November  18,  19,  20,  1975 
Cherry  Hill  Hyatt  House,  Cherry  Hill,  N.J. 


Award  Winners  (1975)  — T S Choo,  3M  Company. 
Outstanding  Technical  Paper,  and  J Wimsey.  US  Airforce, 
Best  Presentation 


Awards  presented  by  the  symposium  co-chairmen  to  G 
Webster  (left).  Bell  Laboratories  for  Best  Presentation 
(1974);  D,  Doty  (2nd  right),  AMP  Inc  for  Outstanding 
Technical  Paper  (1974);  G Heller  (2nd  left)  Tensolite  Co. 
and  J.  Hager  (right)  Northern  Petrochemical  Co  Cer- 
tificates of  Appreciation  for  serving  three  years  on  the 
Symposium  Committee 
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Outstanding  Technical  Paper 

Best  Presentation 

H LubarsandJ  A Olszewski  General  Cable  Corp—  Analysis 
ot  Structural  Return  Loss  in  CATV  Coaxial  Cable 

1968 

N Dean,  B 1 C C — "The  Development  ot  Fully  Filled  Cables  tor 
the  Distribution  Network'  ’ 

J B McCann  R Sabia  and  B Wargotz,  Bell 
Laboratories— "Characterization  ot  Filler  and  Insulation  in 
Waterproof  Cable 

1969 

J D Kirk,  Alberta  Government  Telephones— "Progress  and 
Pitfalls  ot  Rural  Bur.ed  Cable" 

0 E Setzer  and  A S Wmdeler.  Bell  Laboratories— "A  Low 
Capacitance  Cable  tor  the  T2  Digital  Transmission  Line 

1970 

Dr  0 Leuchs,  Kabel  and  Metalwerke— "A  New  Sell-Extin- 
guishing  Hydrogen  Chloride  Binding  PVC  Jacketing  Com- 
pound tor  Cables 

R lyenger  R McClean  and  T McManus.  Bell  Northern 
Research— "An  Advanced  Multi-Unit  Coaxial  Cable  tor  Tool 
PCM  Systems 

1971 

S Nordblad.  Teletonakliebolaget  LM  Ericsson— "Multi-Paired 
Cable  ot  Nonlayer  Design  tor  Low  Capacitance  Unbalance 
Telecommunication  Network" 

N Ko|ima,  Nippon  Telegraph  and  Telephone— "New  Type 
Paired  Cable  for  High  Speed  PCM  Transmission" 


J B Howard.  Bell  Laboratories-'Stabilization  Problems  with 
Low  Density  Polyethylene  Insulations' 

1972 

S Kautman  Bell  Laboratories— "Reclamation  of 
Water-Logged  Buried  PIC  Telephone  Cable" 

Dr  H Martin,  Kabelmetal— "High  Power  Radio  Frequency 
Coaxial  Cables  Their  Design  and  Rating 

1973 

R J.  Oakley,  Northern  Electric  Co  , Ltd  — "A  Study  into  Paired 
Cable  Crosstalk" 

D Doty.  AMP  me  — "Mass  Wire  Insulation  Displacing  Termin- 
ation ot  Flat  Cable 

1974 

G H Webster,  Bell  Laboratories— "Material  Savings  by  Design 
in  Exchange  and  Trunk  Telephone  Cable" 

T S Choo  Dow  Chemical  U S A — "Corrosion  Studies  on 
Shielding  Materials  tor  Underground  Telephone  Cables' 

1975 

J E Wimsey,  UnTed  States  Airforce— “The  Bare  Base  Elec- 
trical Systems" 

IX 


CONTRIBUTORS 


Abbott  Industries,  Inc. 

Leominster  Massachusetts 

Aktleselskabet 

Nordiske  Katie!  og  Traadtabnker 
Copenhagen  Denmark 

Alcan  Aluminum  Corporation 
Alcan  Cable  Division 

Atlanta,  Georgia 

Allied  Chemical  Corporation 

Morristown  New  Jersey 

Alpha  Associates.  Inc. 

Woodbndge  New  Jersey 

AMP  Incorporated 

Harrisburg  Pennsylvania 

The  Anaconda  Company 
Aluminum  Division 

Louisville  Kentucky 

Anaconda  Telecommunications 

Overland  Park  Kansas 

Anchorage  Telephone  Utility 

Anchorage  Alaska 

ARCO  Polymers 

Philadelphia  Pennsylvania 

Arnold  Field  Associates 

Hackensack  New  Jersey 

Arvey  Corporation 

Jersey  City  New  Jersey 

ATO-CHIMIE  (M  NURY) 

Orthez  France 

Austral  Standard  Cables  Pty.  Limited 

Melbourne.  Victoria  Australia 

Autometrix 

Dayton.  Ohio 

Baker  Industries.  Inc. 

Hartselie  Alabama 

Belden  Corporation 

Geneva,  Illinois 

Berk-Tek,  Inc. 

Reading,  Pennsylvania 

BICC  Telecommunication  Cables  Ltd. 

Prescot  Merseyside.  England 

The  Boeing  Company 

Wichita  Kansas 

Boston  Insulated  Wire  and  Cable  Company,  Ltd. 

Hamilton  Ontario,  Canada 

Brand-Rex  Company 

Willimantic.  Connecticut 

Buchanan  Crimp  Tool  Products 

Union.  New  Jersey 

Burndy  Corporation 

Norwalk,  Connecticut 

Cable  Consultants  Corporation 

larchmont.  New  York 

Cable  Equipment  Corporation 

New  York,  New  York 

Cables  de  Comunicaciones,  S.A. 

Zaragoza.  Spam 

Cabot  Corporation 

Boston.  Massachusetts 

Camden  Wire  Co..  Inc. 

Camden.  New  York 

Canada  Wire  and  Cable  Limited 

Winnipeg.  Manitoba.  Canada 

Canadian  Industries  Limited 

Brampton,  Ontario 

Campbell  Technical  Waxes  Limited 

Crayford.  Kent,  England 


Car  lew  Chemicals  Ltd. 

Montreal  Quebec  Canada 

R.  E.  Carroll,  Inc. 

Trenton  New  Jersey 

Cary  Chemicals,  Inc. 

Edison,  New  Jersey 

Central  Tool  & Machine  Co. 

Bridgeport  Connecticut 

Cerro  Communication  Products 

Freehold,  New  Jersey 

Cerro  Wire  A Cable  Co. 

Division  of  Cerro  Marmon  Corporation 

Maspeth,  New  York 

Chase  A Sons,  Inc. 

Randolph,  Massachusetts 

Chemplast,  Inc. 

Wayne,  New  Jersey 

Cimco  Wire  A Cable  Inc. 

Division  of  E-B  Industries  Inc. 

Allendale,  New  Jersey 

Citcom  Systems,  Inc. 

New  York.  New  York 

Cities  Service  Company 
Chester  Cable  Operations 

Chester  New  York 

Columbia  Cable  A Electric  Corp. 

Brooklyn,  New  York 

Columbia  Research  Corporation 

Gaithersburg.  Maryland 

Continental  Wire  A Cable  Corp. 

York,  Pennsylvania 

Copperweld  Bimetallics  Division 

Glassport,  Pennsylvania 

Crompton  A Knowles 
Corporation 

Davis-Standard  Division 

Pawcatuck,  Connecticut 

Dalnichi-Nippon  Cables,  Ltd. 

Osaka  Japan 

Dardanio  Manuli  S.p.A. 

Brugheno  (Milano),  Italy 

Dart  Industries  Inc. 

Paramus,  New  Jersey 

Devcon  Corporation 

Telephone  A Power  Products  Division 

Danvers  Massachusetts 

Diamond  Shamrock  Chemical  Company 

Cherry  Hill,  New  Jersey 

Dodge  Fluorglas  Division 

OAK  Materials  Group 

Hoosick  Falls,  New  York 

The  Dow  Chemical  Company 

Midland,  Michigan 

Dow  Corning  Corporation 

Midland,  Michigan 

Dussek  Bros.  (Canada)  Limited 

Belleville,  Ontario,  Canada 

Easy  Heat/Wirekraft 

Rolling  Prairie.  Indiana 

Eastman  Chemical  Products,  Inc. 

Kingsport,  Tennessee 

Easy  Heat  — Wirekraft 

Rolling  Prairie.  Indiana 

Economy  Cable  Grip  Co.,  Inc. 

South  Norwalk.  Connecticut 
Edmands  Division  Wanskuck  Company 
Providence,  Rhode  Island 


Elco  Corporation 

El  Segundo,  California 

Electroconductores,  C.A. 

Caracas,  Venezuela 

The  Electron  Machine  Corporation 

Umatilla.  Florida 

Electronlzed  Chemical*  Corporation 
(Burlington  Operation*  Division) 

Burlington,  Massachusetts 

The  Entwistie  Company 

Hudson,  Massachusetts 

Exxon  Chemical  Company  U.S.A. 

Houston,  Texas 

Fabricon  Manufacturing  Limited 

Trenton,  Ontario,  Canada 

Felten  & Guilleaume  Carlswerk  AG 

Bereich  Nachrichtenkabeltechmk  NK 
Koln,  Germany 

Firestone  Plastics  Company 

Pottstown,  Pennsylvania 

Formulabs  Industrial  Inks  Inc. 

Escondido,  California 

Foster  Grant  Company,  Inc. 

Subsidiary  of  American  Hoechst  Corporation 

Leominster,  Massachusetts 

The  Fujikura  Cable  Works,  Ltd. 

Tokyo,  Japan 

The  Furukawa  Electric  Company  Limited 

Chiyoda-ku,  Tokyo.  Japan 

Gary  Chemicals,  Inc. 

Edison,  New  Jersey 
Gavitt  Wire  & Cable  Division 
Brookfield,  Massachusetts 
General  Cable  Corporation 
Coloma.  New  Jersey 
General  Electric  Company 
Silicone  Products  Department 
Waterford.  New  York 
General  Engineering  U.S.A.,  Ltd. 

Stratford,  Connecticut 

GGS  Hatfield  Communication  Products 

Cranford,  New  Jersey 

Duncan  M.  Gillies  Co.,  Inc. 

West  Boylston,  Massachusetts 
Glenair,  Inc. 

Glendale.  California 

W.  L.  Gore  A Associates,  Inc. 

Newark,  Delaware 
W.  R.  Grace  A Company 
Hatco  Plastics  Division 
Brooklyn,  New  York 

Great  American  Chemical  Corporation 

Fitchburg,  Massachusetts 

GTE  Automatic  Electric  (Canada)  Ltd. 

Toronto.  Ontario.  Canada 

GTE  Lenkurt 

San  Carlos,  California 

GTE  Service  Corporation 

Stamford,  Connecticut 

HABIA  K/B 

Knivsta,  Sweden 

Hardman  Incorporated 

Belleville,  New  Jersey 

Heany  Industries  Inc. 

Scottsville,  New  York 

Hercules  Incorporated 

Scott  Wise  Industries 
Crowley,  Louisiana 


Hercules  Incorporated 

Wilmington,  Delaware 

Hewlett-Packard 

Palo  Alto.  California 

High  Voltage  Engineering  Corp. 

Burlington,  Massachusetts 

Hitachi  Cable  Limited 

Tokyo.  Japan 

Hitemp  Wire  Division  — ALI 

Covina,  California 

Hudson  Wire  Company 

Ossining,  New  York 

Icore  Wire  A Cable 

Santa  Barbara,  California 

Independent  Cable,  Inc. 

Hudson,  Massachusetts 

International  Business  Machines  Corp. 

Rochester,  Minnesota 

International  Wire  Products  Co. 

Wyckoff,  New  Jersey 

ITT  Electro-Optical  Products  Division 

Roanoke,  Virginia 

Judd  Wire  Division 

Turners  Falls,  Massachusetts 

Kenrich  Petrochemicals,  Inc. 

Bayonne,  New  Jersey 

Lamart  Corporation 

Clifton,  New  Jersey 

Laribee  Wire,  Inc. 

Camden,  New  York 

S.A.  Lignes  Telegraphiques  et  Telephoniques 

Conflans  Sainte  Honorine,  France 

Lowe  Associates,  Inc.,  J.  J. 

Reels  and  Tape  Division 

Bedford  Hills,  New  York 

Madison  Wire  A Cable  Company 

South  Lancaster,  Massachusetts 

Maillefer  S.A. 

Ecublens-Lausanne,  Switzerland 

Mark-Mor  Tool  A Die  Company,  Inc. 

Allen  wood.  New  Jersey 
J.  Frank  Market  A Sons,  Inc. 

Norristown,  Pennsylvania 

Micro-Tek  Corporation 

Cinnaminson,  New  Jersey 

3M  Company 

TelComm  Division 

St.  Paul,  Minnesota 

Monsanto  Industrial  Chemicals  Co. 

St  Louis,  Missouri 
The  Montgomery  Company 
Windsor  Locks,  Connecticut 
S.  R.  Morrow  Company 
Chatham,  New  Jersey 
MSP  Industries  Corporation 
East  Heat/Wirekraft  Division 
Rolling  Prairie.  Indiana 
H.  Muehlstein  A Co.,  Inc. 

Greenwich,  Connecticut 

Nesor  Alloy  Corporation 

West  Caldwell,  New  Jersey 

New  England  Printed  Tape  Company 

Pawtucket,  Rhode  Island 

Nippon  Telegraph  and  Telephone 

Public  Corporation 

Tokai,  Ibaraki-ken,  Japan 

NKF  KABEL  B.V. 

Delft,  Holland 


I ■'< 


XI 


I 


N.L  Industries 

Hightstown.  New  Jersey 

Nonotuck  Manufacturing  Company 

South  Hadley  Massachusetts 

Northern  Petrochemical  Company 

Des  Plaines  Illinois 

Northern  Telecom  Limited 

Montreal  Quebec  Canada 

The  Okonite  Company 

Providence  (Rumtord).  Rhode  Island 

Ole*  Cables  Limited 

Melbourne.  Victoria  Australia 

Omni  Chemical  Corporation 

Lyridhurst  New  Jersey 

Oy  Nokia  Ab 

Helsinki,  Finland 

The  Pantasote  Company  ot  N.Y.,  Inc. 

Passaic  New  Jersey 

Pennwalt  Corporation 

Philadelphia  Pennsylvania 

Penreco 

Butler  Pennsylvania 

PFD/PENN  Color.  Inc. 

Doylestown  Pennsylvania 

Phalo  Corporation 

Shrewsbury.  Massachusetts 

Phelps  Dodge  International  Corporation 

New  York.  New  York 

Phillips  Cables  Limited 

Brockville,  Ontario,  Canada 

Phillips  Chemical  Company 

Pasadena,  Texas 

Pirelli  USA  Representative  Corp. 

New  York.  New  York 

Plastics  Division 

Pasadena,  Texas 

Plastoid  Corporation 

New  York.  New  York 

Plymouth  Rubber  Co.,  Inc. 

Canton.  Massachusetts 

Plymouth  Wire  & Cable  Company 

Worcester,  Massachusetts 

Polymer  Services  Inc. 

East  Brunswick,  New  Jersey 

Ets.  Pourtier  Pere  & Fils 

Romainville,  France 

Prestolite  Wire  Division 

Port  Huron,  Michigan 

Radiation  Dynamics.  Inc. 

Westbury.  New  York 
Radix  Wire  Company 
Euclid,  Ohio 
Raychem  Corporation 
Menlo  Park.  California 
Reichhold  Chemicals,  Inc. 

Cooke  Division 
Hackettstown.  New  Jersey 
Revere  Corporation  of  America 
Wallingford.  Connecticut 
G.  Whitfield  Richards  Co. 

Philadelphia,  Pennsylvania 
The  Rochester  Corporation 
Culpeper.  Virginia 
Rockbestos  Products 
Cerro  Wire  & Cable  Company 
Division  of  Cerro-Marmon  Corp. 

New  Haven,  Connecticut 


John  Royle  & Sons 

Paterson  New  Jersey 

St.  Joe  Minerals  Corporation 

Monaca  Pennsylvania 

Santech  Incorporated— Ware  Division 

Toronto  Canada 

Shell  Chemical  Company 

Houston  Texas 

Siemens  Corporation,  CED 

Iselin,  New  Jersey 

Soltex  Polymer  Corporation 

Houston.  Texas 

Southwest  Chemical  & Plastics  Company 

Seabrook  Texas 

Southwire  Company 

Carrollton,  Georgia 

Standard  Electrica,  S.A. 

Maliano  (Santanuer  Espana) 

Standard  Elektrik  Lorenz  AG 
Stuttgad.  West  Germany 
Sterling/Davis  Electric 
Wallingford  Connecticut 
Storm  Products  Co. 

Inglewood,  California 
Sumitomo  Electric  Industries,  Ltd. 
Yokohama.  Japan 
Sun  Chemical  Corporation, 

Facile  Division 

Paterson,  New  Jersey 

Superior  Continental  Corporation 

Cable  Division 

Brown  wood.  Texas 

Albert  H.  Surprenant  Inc. 

Jaffrey.  New  Hamsphire 

Syncro  Machine  Company 

Perth  Amboy.  New  Jersey 

Tamaqua  Cable  Products  Corporation 

Schuylkill  Haven,  Pennsylvania 

Technical  Coatings  Co. 

Nutley.  New  Jersey 
Teknor  Apex  Company 
Pawtucket.  Rhode  Island 
Tektronic,  Inc. 

Beavedon,  Oregon 
Teledyne  Thermatics 
Elm  City,  Nodh  Carolina 
Teledyne  Western  Wire  & Cable 
Los  Angeles.  California 
Telefonaktiebolaget  L M Ericsson 
Telephone  Cables  Division 
Alvsjo,  Sweden 
Telephone  Cables,  Ltd. 

Dagenham,  Essex,  England 
Tenneco  Chemicals,  Inc. 

Piscataway,  New  Jersey 
Tensolite  Company 
Division  of  Carlisle  Corporation 
Tarrytown.  New  York 
A.  E.  Tetsche  Co.,  Inc. 

Arlington.  Texas 
TFE  Industries 
Warwick,  Rhode  Island 
Thermax  Wire  Corporation 
Flushing,  New  York 
Times  Wire  & Cable  Company 
Wallingford.  Connecticut 
Torpedo  Wire  & Strip  Inc. 

Pittsfield,  Pennsylvania 


Trea  Industrie*  Inc. 

East  Greenwich,  Rhode  Island 

Ube  Industries,  Ltd. 

Tokyo.  Japan 

Union  Carbide  Corporation 

New  York,  New  York 

Unlroyal,  Incorporated 
Chemical  Division 

Naugatuck.  Connecticut 

U.  S.  Steel  Corporation 
Electrical  Cable  Division 

Worcester  Massachusetts 

Vldex  Equipment  Corporation 

Paterson.  New  Jersey 

Wardwell  Braiding  Machine  Company 

Central  Falls,  Rhode  Island 

The  Ware  Chemical  Corporation 

Bridgeport.  Connecticut 


The  Ware  Chemical  Corporation 

Stratford,  Connecticut 

Western  Electric  Company 

Kearny,  New  Jersey 

Whltmor  Wire  & Cable  Corporation 

North  Hollywood,  California 

Wilson  Products  Company 
Division  of  Dart  Industries,  Inc. 

Neshamc,  New  Jersey 

Wlreonics  Products  Company 

Wmnetka,  Illinois 

Wltco  Chemical  Corporation 
Sonneborn  Division 

New  York,  New  York 

Wyre  Wynd,  Incorporated 

Jewett  City,  Connecticut 

Wyrough  and  Loser,  Inc. 

Trenton,  New  Jersey 


TABLE  OF  CONTENTS 


Tueeday,  November  16, 1976  - 9:30  am 
Hunterdon  and  Cumberland  Rooms 

SESSION  I Tutorial  — Telecommunication 
Yesterday.  Today  and  Tomorrow 

Chairman  Irv  Kolodny.  General  Cable  Corp 

Panel  Members 

Dr  M C Biskeborn,  Phelps  Dodge 
F W Horn,  Cable  de  Comunicaclones  S A 
J Ft  Apen.  Bell  Laboratories 
Dr  G D Wallenstein.  Consultant 
H Jones,  GT&E  International 
R Briskman.  COMSAT  General 

Tuesday,  November  16, 1976  — 2:00  pm 
Gloucester  Room 

SESSION  II  Cable  Design 

Chairman  George  Webster.  Bell  Laboratories 

THE  INTERNATIONAL  TELEPHONE  CABLE  MARKET. 

F W Horn  and  M Vi  Hang.  Cables  de  Comunicaciones 
S A . Spain 

FINITE  ELEMENT  ANALYSIS  OF  CABLES.  A D Carl- 
son, Naval  Underwater  Systems  Cer'er 
DESIGN  GUIDES  FOR  FINE-WIRE  CABLE,  H £ Miller, 
Honeywell,  Inc  

IMPROVED  PAIR  TO  PAIR  UNBALANCE  FOR  PAPER 
INSULATED  CABLES  WITH  UNIT-TWIN  CONSTRUC- 
TION, G /.  8 Vermont.  Olex  Cables  Limited.  Austral) 

A STATISTICAL  MODEL  FOR  CALCULATION  OF 
CROSSTALK  IN  A BALANCED  PAIR  CABLE,  N Holte. 
Electronics  Research  Laboratory.  Norway 
CUSTOMIZED  GAS  FEEDER  PIPE  FOR  PRESSURIZ- 
ING AND  MONITORING  TELEPHONE  CABLE,  M R 
Dembiak  and  W Purkert,  Western  Electric  Company 


CONTAMINANT  TRACE  GAS  TESTING  OF  LEAD- 
STABILIZED  POLYMERIC  COMPOUNDS,  J.  P Franey 
and  T E Graedel,  Bell  Laboratories 
PROCESSING  STABILITY  OF  SEVERAL  POLYMERS. 
C C Swasey,  Sandoz  Colors  & Chemicals 

Wednesday,  November  17, 1976  - 9:00  am 
Gloucester  Room 


SESSION  IV  Cable  Testing  and  Evaluation 

Chairman  James  Kanely,  Superior  Continental 

RF  LEAKAGE  MEASUREMENTS  DIRECTED  TOWARD 
ACHIEVING  ELECTROMAGNETIC  COMPATIBILITY,  L 

Radar.  The  Boeing  Company  

STRUCTURAL  RETURN  LOSS  PERFORMANCE 
EVALUATION  OF  MATERIALS  AND  ELEMENTS  FOR 
HIGH  QUALITY  COAXIAL  CABLES,  R Mathieu  . Y. 
Peltier,  and  A J Ghazi.  Societe  Anonyme  de 

Telecommunicatons.  France  

EFFECT  OF  PAIR  UNBALANCE  ON  CARRIER 
FREQUENCY  INSERTION  LOSS  AND  CROSSTALK  IN 
MULTIPAIR  CABLE,  A F Judy  and  J J Rett,  Bell 
Laboratories 

CHARACTERIZATION  OF  CROSSTALK  IN  TWISTED 
PAIR  TELEPHONE  CABLES  WITH  NONMATCHED 
TERMINATIONS.  J C Issacs,  T.  F McIntosh  and  T D 

Nantz,  Bell  Laboratories  

EFFECTS  OF  CABLE  UNBALANCES  ON  POWER  IN- 
DUCED CIRCUIT  NOISE.  M L.  Brewer,  REA  and  H P 
Price,  Central  Telephone  Company 
RODENT  BITING  PRESSURE  AND  CHEWING  ACTION 
AND  THEIR  EFFECTS  ON  WIRE  AND  CABLE  SHEATH, 
N J Cogelia.  Bell  Laboratories,  G K.  Lavoie  and  J F. 
Glahn,  US  Department  of  the  Interior  


Wednesday,  November  17, 1976  — 9:00  am 
Hunterdon  Room 


Tuesday,  November  16, 1976  — 2:00  pm 
Hunterdon  Room 

SESSION  III:  Cable  Materials  I 

Chairman:  Marta  Farago,  Northern  Telecom,  Ltd 

ALUMINUM  OXIDE  INTEGRATED  THIN  FILM  INSULA- 
TION FOR  ALUMINUM  WIRE  AND  STRIP  CONDUC- 
TORS, H D.  Walker,  Permaluster.  Inc 
CONTINUOUS  CERAMIC  FIBER  REFRACTORY  IN- 
SULATION, K.  A Karst,  3M  Company 
LOW  LOSS  POLYETHYLENE  FOR  THE  INSULATION 
OF  SUBMARINE  COAXIAL  CABLE,  I H Kishi,  Y 
Yamazaki,  T Nagasawa.  H Takashima,  H Fu/ita,  and  I 
Tsurutani.  Ube  Industries.  Ltd  Japan 
ENERGY  SAVINGS  AND  PRODUCT  COST  EF- 
FICIENCY THROUGH  THERMOPLASTIC  ELAS- 
TOMERS, W H.  Korcz  Shell  Development  Compaiy 


SESSION  V:  Connections,  Splicing  and  Installation 

Chairman  Joe  Neigh,  AMP,  Incorporated 

CONNECTORIZED  EXCHANGE  CABLE  SPLICING 
(CONECS),  D R Frey  and  A.  G Hardee.  Bell 

Laboratories  

SPLICING  METHOD  USING  HEAT-SHRINKA8LE 
TUBES  FOR  SUBMARINE  LOCAL  CABLES,  Y.  Kubota 
and  S Yamakawa,  Nippon  Telegraph  & Telephone 
36  Public  Corporation.  Japan 

SHIELD  BONDING  CONNECTORS,  L Ance  and  H M. 

42  Hutson.  REA  

ENVIRONMENTAL  EFFECT  OF  TELEPHONE  FACILI- 
TIES. M N.  Evans,  Southern  New  England  Telephone 


THE  CABLE  ENTRY  SYSTEM,  Dr  J E Godts.  Martin 

Marietta  Aerospace 

INFERRING  DUCT-RUN  GEOMETRY  FROM  CABLE- 
TENSION  DATA  A CASE  HISTORY.  A.  L.  Hale  and  M 
R.  Santana,  Bell  Laboratories 


XIV 


i 


Wednesday,  November  17,  1976  — 2:00  pm 
Gloucester  Room 

SESSION  VI  Cable  Applications 

Chairman  Joseph  M Flanigan,  Rural  Electrification 
Administration 

FILLED  CABLE  FOR  AERIAL  INSTALLATION,  L Mol- 
leda  and  E Used  Compania  Telefonica  Naci onal  de 
Espana.  Spam  158 

EXTENDED  FIELD  TRIALS  ON  CONDUCTIVE  PLASTIC 
SHEATHED  TELECOMMUNICATION  CABLE  IN  A 
TRUNK  NETWORK,  P Calzolan  and  Jr  M B Forleo. 
Industrie  Pirelli . Italy,  and  G Cosimi  and  E Fucim. 
SIP-  Societa  Italians  per  I'Esercizio  Tetetonico  p A 

Italy  1 74 

VARIOUS  KINDS  OF  NEW  PAIR  TYPE  CABLES  FOR 
LOCAL  BROADBAND  NETWORK  SYSTEMS.  K 
Oshima.  Nippon  Telegraph  & Telephone  Public  Cor- 
poration: J Nivva,  The  Furukawa  Electric  Co  . Ltd  S 
Hiramatsu,  Sumitomo  Electric  Industries,  Ltd  and  T. 
Ktaruoka.  The  Fu/ikura  Cable  Works.  Ltd , Japan  185 

NEAR  END  CROSSTALK  PROPERTIES  OF  COM- 
PARTMENTALIZED PCM  CARRIER  SYSTEM  CABLES, 

A P Gabriel.  J Peveler  and  J J Woods.  General 
Cable  Corporation  199 

THE  DEVELOPMENT  OF  SUPER  HIGH  TEMPERATURE 
WIRE  AND  CONNECTORS  FOR  GENERAL  PURPOSE 
AEROSPACE  APPLICATIONS.  F D Bayles  and  M A 
Dudley.  Canada  Wire  and  Cable  Ltd  207 

ALUMINUM  WAVEGUIDE  WITH  ALUMINUM  OXIDE 
DIELECTRIC  LINING,  Dr  F Krahn.  Felten  & Guil- 
leaume  Carlswerk  AG.  West  Germany  ...  216 

Wednesday,  November  17,  1976  — 2:00  pm 
Hunterdon  Room 

SESSION  VII:  Fiber  Optics 

Chairman  Milton  Tenzer,  US  Army  Electronics  Com- 
mand 

TESTING  OF  TENSILE  STRENGTH  OF  OPTICAL  FIBER 
WAVEGUIDES.  C Kao,  M.  Maklad  and  T Reed.  ITT 


Electro-Optical  Products  Division  223 

FIBER  OPTIC  CABLES  FOR  LOCAL  DISTRIBUTION 
SYSTEMS,  J C Smith.  ITT  Electro-Optical  Products 
Division  and  M Pomerantz.  US  Army  Electronics 

Command  226 

OPTICAL  FIBER  CABLE  FOR  T1  CARRIER  SYSTEM,  J. 

A Olszewski.  Dr  A.  Sarkar  and  Y Y.  Huang,  General 

Cable  Corporation  235 

A REVIEW  OF  OPTICAL  FIBER  CONNECTOR  TECHN- 
OLOGY, J F Dalgleish,  Bell  Northern  Research  Ltd  , 
Canada 240 


DEVELOPMENT  OF  A ROBUST  OPTICAL  FIBER  CA- 
BLE. AND  EXPERIENCE  TO  DATE  WITH  INSTALLA- 
TION AND  JOINTING,  N S Dean.  BICC  Telecom- 
munication Cables  Limited.  England  and  R J. 
Slaughter.  BICC  Research  & Engineering  Lim'ted. 
England  247 


Thursday,  November  18,  1976  — 9:00  am 
Gloucester  Room 

SESSION  VIII  Cable  Materials  ll 

Chairman  F Farrell,  3M  Company 

WEATHERABILITY  OF  BLACK 

POLYETHYLENE-PREDICTABLE?,  W F Jensen,  Jr  , 
and  J N Jones,  E I duPont  de  Nemours  & Co  257 

PREDICTION  OF  POLYETHYLENE  AGING  BY  ISOTH- 
ERMAL DIFFERENTIAL  SCANNING  CALORIMETRY, 

Dr  D L Davidson.  Union  Carbide  Corporation  265 

PREDICTING  FRACTURE.  CREEP,  AND  STIFFNESS 
CHARACTERISTICS  OF  CABLE  JACKETS  FROM  MA- 
TERIAL PROPERTIES.  G M Yaruzeski,  E D Nelson 
and  C J Alosio,  Bell  Laboratories  272 

HIGHLY  FIRE-RETARDANT  NAVY  SHIPBOARD  CA- 
BLES, M A DeLucia,  Naval  Ship  R&D  Center  281 

A TEST  METHOD  FOR  MEASURING  AND  CLASSIFY- 
ING THE  FLAME  SPREADING  AND  SMOKE  GENER- 
ATING CHARACTERISTICS  OF  COMMUNICATIONS 
CABLE.  J R Beyreis.  J W Skiordahl,  Underwriters 
Laboratories,  S Kaufman,  and  M M Yocum.  Bell 
Laboratories  291 


Thursday,  November  18, 1976  — 9:00  am 
Hunterdon  Room 

SESSION  IX:  Cable  Manufacturing  and  Processing  I 
Chairman:  Frank  Short,  Belden 


THE  NATURE  OF  WATER  IN  SUBMARINE  CABLE 
CORE  AND  ITS  RELATIONSHIP  TO  DIELECTRIC 
LOSS,  J H Daane,  H.  E.  Bair,  G E.  Johnson  and  E W 

Anderson,  Bell  Laboratories  296 

CORROSION  STUDIES  ON  SHIELDING  MATERIALS 
FOR  UNDERGROUND  TELEPHONE  CABLES  PART  II 
CORROSION  PROTECTION  FOR  FILLED  CABLES.  K 
E Bow  and  L.  G.  Colter.  Dow  Chemical  USA  302 

DEVELOPMENT  OF  CABLE  WITH  GAS-STOPPAGE 
DAM  BY  POLYETHYLENE  MOLD  PROCESS,  M. 

Azuma.  Y.  Oishi,  K Fuse  and  M.  Oda.  The  Furukawa 
Electric  Co..  Ltd.  Japan  312 


THE  USE  OF  BLOWING  AGENT  CONCENTRATES  IN 
THE  MANUFACTURE  OF  TELECOMMUNICATIONS 
CABLES,  T C Hodgson.  D B Carefoot  and  G F 
Gouthro.  Santech  Incorporated.  Canada,  and  S M 


Beach.  Phillips  Cables  Limited.  Canada  31 7 

A NEW  METHOD  FOR  RING  COLOR  CODING  OF 
PLASTIC  INSULATED  WIRES,  K Kimmich  - Standard 

Electrik  Lorenz  AG.  West  Germany  323 

A NEW  TECHNIQUE  FOR  PERMANENT  AND  NON- 
ABRASIVE MARKING  OF  PLASTIC  CABLE  SHEATHS, 

Dr.  J.  Hennig,  SEL  — Standard  Electrik  Lorenz  AG. 

West  Germany 328 


j! 


XV 


Thursday,  Novambar  18, 1976  — 2:00  pm 
Gioucaalar  Room 

SESSION  X Cable  Materials  III 

Chairman  Sherman  Kottle  Dow  Chemical  USA 


DEVELOPMENT  OF  FIRE-STOPPING  MATERIALS  FOR 
WIRING  SYSTEM,  M ishibashi.  H Kobayashi  and  M 
Makiyo  the  Fujikura  Cable  Works.  Lid  , Japan  333 

NEW  TYPES  OF  INTUMESCENT  MATERIALS  AND 
THEIR  APPLICATION  TO  A FIRE  PROTECTION  OF 
CABLES.  T Yabuki.  Y Koide,  T Kaide  and  M Takada 
Damichi-Nippon  Cables,  Ltd . Japan  340 

RADIATION  CURABLE  POLYOLEFIN  COMPOUNDS 
FOR  FLAME  RETARDED  WIRE  & CABLE  INSULATION. 

M F Mannger,  J W Biggs  and  P E Pmnow,  US 
Industrial  Chemicals  Co  350 

FILLED  VINYL  JACKET  COMPOUNDS.  J A Falter  and 
P C Warren.  Bell  Laboratories  356 

FLAME  RESISTANT  - LOW  SMOKE  CABLE  JACKET 
DEVELOPMENTS.  W D Jones,  Untroyal  Chemical 
Division  362 


Thursday,  Novambsr  18, 1976  - 2:00  pm 
Hunterdon  Room 

SESSION  XT  Cable  Manufacturing  and  Processing  II 

Chairman  Irv  Kolodny,  General  Cable  Corporation 

PLASTIC  INSULATING  OF  TELEPHONE  CONDUC- 
TORS AT  10,000  to  15,000  FPM,  A Cueto,  M Cubero 
and  A Garvalena,  Cables  de  Comumcaciones  S A . 

Spam  370 

COMPUTER  CONTROL  OF  HIGH  SPEED  WIRE 
COATING  LINES.  V L NeNir,  Northern  Telecom 
Limited,  Canada  380 

A UNIOUE  MONITORING  SYSTEM  FOR  EXPANDED 
WIRE  INSULATIONS,  T S Dougherty,  Western  Electric 

Company 337 

NOVEL  EXTRUSION  PROCESS  FOR  ROBUST  HIGHLY 
EXPANDED  POLYETHYLENE  INSULATED  COAXIAL 
CABLES,  T Nakahara,  A.  Tsukamoto,  Ft  Shimba,  F 
Suzuki  T Miyazin.  and  M.  Yuto,  Sumitomo  Electric 


Industires.  Ltd . Japan  394 

EXTRUSION  OF  FLAT  MULTI-WIRE  COMPUTER  CA- 
BLE, C J Fetner,  Jr.,  IBM  — International  Business 

Machines  Corporation  402 

SPACE-SAVING  TELEPHONE  WIRE  EXTRUSION 
LINES  WITH  VERTICAL  COOLING  AND  SHARED  AU- 
TOMIZED  REEL  TAKE-UP,  S.  Nordblad,  Telefonak- 
tiebolaget  L M Ericsson,  Sweden  408 


THE  INTERNATIONAL  TELEPHONE  CABLE  MARKET 


By 

E.W.  Horn  and  M.  Villarig 
Cables  de  Comunicaciones  S.A. 
Zaragoza,  Spain 


Abstract 

The  extremely  complex  international  telephone  cable 
market  is  the  result  of  historical  and  technical  in- 
fluences. The  authors'  have  systematically  classified 
world-wide  product  requirements  and  analized  current 
and  future  trends.  The  demand  placed  on  the  engineer- 
ing function  of  a potential  supplier  and  the  case  for 
international  standardization  is  explored. 


Introduction 

The  international  telephone  cable  market  is  extremely 
complex  in  terms  of  its  diversity  with  regard  to 
product  configuration,  design  and  characteristics. 
Uniformity  does  not  exist  in  the  domestic  markets  of 
most  countries  and  much  less  so  internationally.  The 
supplier  who  attempts  to  operate  in  this  market  will 
more  than  likely  be  unable  to  find  more  than  a faint 
resemplance  between  what  he  customarily  manufactures 
and  what  most  tenders  will  require.  The  consumer, 
on  the  other  hand,  encounters  a bewildering  variety 
of  products,  each  different  in  some  or  many  ways,  yet 
all  presented  by  appropriately  sincere  marketing 
people  as  better  than  their  competitors'  product. 


Historical,  technical  and  even  political  influences 
have  created  the  current  situation,  which  in  many  res- 
pects promises  to  become  even  more  complex.  The  authors 
have  provided  an  overview  of  the  market.  Specifications 
in  use  by  geographical  areas,  current  and  future  tenden- 
cies in  the  market  and  explore  the  case  for  standardiza- 
tion. 


Configuration  of  the  international  telephone 
cable  market  


Logically,  the  term  moA feet,  suggests  consumers  and 
Suppliers.  More  specifically,  however,  by  intz>inaXXon- 
oX  market  we  focus  on  geographical  areas  which  via 
tenders  or  other  means  generate  a demand  outside  of 
their  own  borders  and  on  the  other  hand  the  various 
countries  capable  of  supplying  such  demand:  the  export- 

ing countries. 

Whereas  at  first  glance  it  would  appear  that  the  import- 
ing countries  are  the  less  developed  and  the  exporting 
countries  the  most  highly  industrialized,  this  general- 
ization is  an  oversimplification  as  we  will  see  later 
on. 

In  figure  1 we  show  a world  map  which  graphically 


World  map  showing  location  of  the  principal  manufacturers  of  telephone  cable 


locates  the  principal  manuf acturers  of  telephone 
cable. 

It  should  be  kept  in  mind  while  studying  the  map  that 
the  major  companies  are  identified  by  a single  dot 
located  in  the  geographical  location  of  their  head- 
quarters. Multi-plant  companies  are  represented  with 
a single  dot  although  some  will  have  perhaps  10  plants. 
As  an  example  the  United  States,  which  has  a large 
geographical  extension  compared  to  other  countries, 
has  many  plants  whereas  only  10  dots  are  shown  on  the 
map  (Fig.l). 


Geographical  Areas  of  Specifications  Influence 


With  respect  to  the  R.E.A.  standard  the  vast  majority 
of  telephone  cable  produced  in  the  U.S.A.  is  manufactur- 
ed by  Western  Electric  Co.  for  the  Bell  System.  Al- 
though these  specifications  are  not  available  outside 
the  Bell  System  the  R.E.A.  specifications  are  very 
similar.  Also  in  the  U.S.A.  there  is  considerable  ex- 
change of  information  and  most  manufacturers  produce 
basically  the  same  types  of  cable  and  with  very  similar 
transmission  characteristics. 

The  group  of  countries  which  base  their  requirements 
upon  one  of  the  four  standards  above  constitue  what 
we  refer  to  later  as  AREAS  OF  INFLUENCE.  Figure  2 
Shows  a world  map  indicating  approximate  AREAS  OF 
INFLUENCE. 


Both  in  producing  and  consuming  countries  alike, 
definite  tendencies  can  be  detected  with  respect  to 
the  principal  origins  of  the  product  standards  employ' 
ed. 


The  creation  of  these  areas  of  influence  are  due  funda 
mentally  to  3 reasons: 

a)  Historical  motives: 


It  is  not  our  intention  to  catalog  all  of  the  world’s 
countries  and  individual  markets  along  with  their 
product  requi rements . For  our  purposes  it  is  suffic- 
ient to  identify  the  four  primary  tendencies  in  tele- 
phone cable  specifications  from  which  have  evolved 
practically  all  of  the  existing  designs  of  universal 
acceptance.  These  cable  standards  are: 

a)  German  - V.D.E. 

Verband  Deutscher  Elektrotechniker 

b)  English  - B.P.O. 

British  Post  Office 

c)  French  - P.T.T. 

Postes  Telegraphiques  et  Telephoniques 

d)  United  States  - R.E.A. 

Rural  Electrification  Administration 

It  must  be  remembered  that  the  areas  of  influence  are 
not  clearly  defined  and  some  countries  use  more  than 
one  set  of  specification  and  possibly  different 
specifications  for  the  various  classes  of  comunica- 
tion  cable. 


The  colonial  influence  has  played  an  important  role 
in  establishing  a base  or  starting  point  and  some 
countries  still  require  almost  identical  specifica- 
tions to  the  original  versions. 

The  similarity  of  specifications  in  ex-colonial 
areas  can  readily  be  understood  as  a natural  result 
of  a cultural  and  technical  influx  resulting  in 
telephone  networks  similar  to  the  source  country. 

b)  Political  Influence: 

Political  influence  has  often  been  the  traceable 
factor  in  the  determination  of  standards.  In  us- 
ing the  term  poU.Zic.al  influence  we  should  hasten 
to  make  clear  that  no  negative  inference  is  intend- 
ed. Moreover,  it  is  clear  that  developing  countries 
have  obtained  badly  needed  financial  and  technical 
assistance  from  industrially  developed  countries. 

It  is  logical  to  expect  that  under  such  circumstan- 
ces the  assisting  areas’  standards  were  adopted. 

c)  Technological  and  Economic  Influences: 

Some  areas  have  long  standing  technological  pres- 
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tige  in  general,  which  may  or  may  not  be  deserved 
with  respect  to  telephone  cables.  Nevertheless  it 
is  apparent  that  technical  image  was  a persuasive 
factor  in  their  norms  having  been  adopted.  Also, 
highly  developed  countries  which  lead  in  technolo- 
gical advancements  and  volume  of  internal  telephone 
system  size  can  often  present  convincing  advantages 
from  the  technical  and  economic  standpoints  to 
standardize  on  their  products. 


Current  Tendencies  for  Telephone  Cable  Standards 

Unfortunately,  the  apparent  political  need  to  create 
a "new  image"  in  developing  countries  or  ex-colonial 
states  (now  sovereign  nations)  often  results  in  "do- 
it-yourself"  standards.  The  inescapable  impression  is 
that  several  technicians  got  together,  each  with  copies 
of  specifications  from  various  countries,  and  proceeded 
to  put  together  the  most  stringent  requirements  from 
each  in  hopes  of  obtaining  a "super"  product.  The 
pressure  upon  many  of  the  above  technicians  to  assume 
the  responsibility  for  changing  the  standards  over- 
night makes  it  easy  to  understand  cases  such  as  the  3. 

above.  This  is  especially  true  where  the  technicians' 
zest  and/or  concern  over  the  effect  upon  his  career 
in  the  event  that  he  is  later  proved  wrong  results  in 
over  engineering,  inertia  and  patch  work  specifications. 

Actually  all  of  us  in  the  industry  know  that  the 
opposite  is  usually  the  case.  Specifications  often 
cannot  be  mixed  together  unjudiciously.  The  consumer 
is  far  better  off  determining  the  characteristics  he 
desires  after  studying  the  alternatives  offered  by  the 
professionals  in  the  cable  business  and  making  a final 
decision  insisting  that  the  manufacturer  limits  him- 
self to  a standard  mass-produced  product.  The  result 
is  a lower  price,  a higher  standard  of  quality  es- 
pecially with  regard  to  uniformity,  longer  useful  life, 
etc.  which  often  is  not  the  case  with  "specials". 


Analysis  of  the  product  - The  Telephone  Cable 

Although  the  end  use  is  essentially  identical  in  all 
countries,  to  act  as  a transmission  vehicle,  we  can 
observe  an  extensive  variety  both  quantitative  and 
functional.  This  is  obvious  keeping  in  mind  the 
various  influences  already  mentioned. 

Whereas  this  diversification  of  standards  exists  in 
many  products,  it  is  usually  associated  with  consumer 
products  and  not  to  be  logically  expected  of  a product 
which  is  expected  to  be  interconnected  and  perform  the  4 

same  function. 

Nevertheless,  the  differences  manifest  themselves  not 
only  from  the  standpoint  of  construction  features  but 
also  with  respect  to  their  transmission  characteris- 
tics. 

A)  Analysis  of  the  construction  of  Telephone  Cables 

1 . Conductor 

All  of  the  standards  agree  on  electrolytic, 
annealed  copper  with  or  without  tinning. 

Some  proauction  of  aluminium  conductors  exists 
in  the  U.S.A.,  U.K.,  Japan,  Australia,  France  5. 

and  others.  However  copper,  by  far,  is  the 
most  prevalent  material  used. 

2.  Gauge 

The  same  cannot  be  said  for  the  wire  gauge  where 
we  list  the  following  types: 


2.1  Metric  gauges: 

These  are  commonly  found  in  the  areas  of 
French  and  German  influence  and  in  some 
cases  the  U.K.  areas.  The  most  common  met- 
ric sizes  used  are:  0.4,  0.5,  0.8,  1.0, 1.2 

and  1.3. 

2.2  AWG  Gauge 

These  are  typical  of  the  U.S.A.  areas  of 
influence  and  the  most  common  gauges  are: 


AWG 

0 MM 

28 

0.32 

26 

0.405 

24 

0.51 

22 

0.64 

19 

0.91 

Note  that  in  the  U.S.A.  areas  the  0.8  mm. 
gauge  is  not  common  while  it  is  widely  used 
in  the  French  and  German  areas. 

Insulation: 

3.1  Plastic  Insulation: 

In  general,  most  consumers  specify  polyethy- 
lene for  its  superior  characteristics  with 
respect  to  mutual  capacitance  in  various 
densities  (low,  medium,  high),  foam,  etc. 

PVC  is  employed  in  some  cases  such  as  switch- 
board cable  for  example,  but  not  usually  for 
the  bulk  of  exchange  area  cables. 

Other  types  of  insulations  such  as  polypropy- 
lene seems  to  be  used  only  in  the  U.S.A. 

3.2  Paper  Insulation: 

Generally  there  are  two  basic  types  in  use: 

a)  Paper  ribbon  - applied  helically  or  long- 
itudinally. 

This  type  is  common  in  the  French,  German 
and  English  areas  of  influence,  and  to  a 
lesser  extent  in  the  U.S.A. 

b)  Paper  pulp-paper  manufactured  directly 
onto  the  wire  on  a continuous  basis. 

This  type  of  insulation  is  commonly 
employed  in  the  U.S.A.,  Canada,  Spain  and 
Japan . 

Conductor  Assembly: 

There  are  two  basic  types  of  conductor  assembly: 

4.1  Pairs  - These  are  used  fundamentally  in 
the  U.S.A. , Canada  and  Spain.  They  are  also 
used  in  the  U.K.  areas  to  a lesser  extent 
and  in  other  areas  where  high  frequency  is 
used  or  low  cross  talk  is  desired. 

4.2  Quads  - These  are  used  particularly  in  the 
French  and  German  areas  and  normally  are 
produced  as  "star"  or  "DM"  quads  ( Diesel horst- 
Martin) . 

Color  Codes: 

In  similar  cable  types  there  seems  to  be  no  uni- 
formity of  the  colors  for  the  identification  of 
the  pairs  or  quads.  In  each  of  the  areas  of 
influence  which  have  been  discussed,  all  of  the 
color  codes  are  different.  As  a matter  of  fact 
the  difference  in  colors,  degree  of  opaqueness, 
etc.  varies  considerably  even  within  a particu- 
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lar  area  of  influence. 


V.D.E.,  B.P.O.  and  French  P.T.T.  These 
sheaths  have  practically  gone  out  of  use  in 
the  U.S.A.,  Canada  and  Spain. 


6.  Core  Construction: 

There  are  two  types: 

6 . 1 Concentric  layer  Core  Construction 

In  this  area  there  are  several  variations: 

a)  Reverse  layer  construction 

b)  Staggered  Layer  Construction 

c)  Oscillated  construction 

These  cores  may  or  may  not  have  separating 
tapes  between  layers. 

In  cables  made  up  of  pairs  this  type  of 
construction  is  generally  not  used  for  cables 
over  25  pairs.  These  cores  are  typical  of 
the  V.C.E.  quadded  cables  regardless  of  the 
number  of  quads. 

6.?  Unit  Construction: 

This  type  of  core  is  predominant  in  the 
standards  of  the  U.S.A.,  French  and  English 
areas,  although  the  number  of  elements  per 
unit  are  different. 

Whereas  the  U.S.A.  and  U.K.  specifications 
generally  follow  multiples  of  25  ( 25  pairs, 
50  pairs,  100  pairs),  the  French  P.T.T.  uses 
a multiple  of  7:  7 and  14  quads  per  basic 
unit  and  56  or  112  quads  per  composite  unit. 

7 . Core  Wrap  Tapes 

If  the  conductor  insulation  is  paper  or  paper 
pulp  the  core  wrap  tape  is  paper  applied  heli- 
cally. 

If  the  conductors  are  plastic  then  a great 
variety  of  core  wrap  tapes  are  available.  These 
can  be  Mylar  (registered  Dupont  trade  mark), 
polyester,  plastic,  rubber  or  any  combination 
of  these  materials.  They  can  be  embossed  or 
corrugated  and  in  two  or  more  layers.  They  are 
applied  longitudinally  or  helically. 

8.  Cable  Sheaths: 

Basically  there  are  two  groups  of  sheaths: 

5 . 1 Sheaths  which  include  lead: 

With  various  alloys,  anticorrosion  protec- 
tions, armoring,  etc. 

These  sheaths  are  commonly  specified  by  the 


8.2  Sheaths  which  do  not  include  lead: 

The  most  usual  types  are:  Alpeth,  Stalpeth, 

Alpeth  FPA,  PAP,  PASP,  ALVYN,  GLOVER,  etc. 

These  sheaths  are  used  almost  exclusively  in 
the  U.S.A.  areas  and.  to  a lesser  extent  in 
the  U.K.  and  French  areas. 

The  metallic  screens  or  protection  which  are 
used  in  these  cables  are  aluminium,  coated 
aluminium,  steel  and  copper.  They  are 
applied  helically  or  longitudinally,  the 
latter  either  smooth  or  corrugated. 

9.  Filled  and  Unfilled  Cables: 

Filling  of  the  air  space  in  the  cable  core  with 
petrolatum  or  special  blends  of  a petrolatum 
base  started  in  the  60's  and  is  used  to  a large 
extent  in  the  U.K.,  U.S.A.  and  Germany. 

We  have  however  been  unable  to  determine  if 
filled  cable  is  used  in  the  French  area  other 
than  on  an  experimental  basis. 

Figure  3 is  a summary  table  of  cable  standards. 

B)  Analysis  of  Transmission  Characteristics: 

A detailed  listing  of  the  differences  in  this  area 
would  occupy  more  space  than  can  be  logically  allowed 
Therefore,  we  will  restrict  this  part  of  our  compari- 
son to  mutual  capacitance  in  view  of  this  being  the 
primary  parameter,  which  determines  the  cable  design 
characteristics. 

As  can  be  expected  there  is  little  uniformity  in  the 
mutual  capacitance  specified  by  the  various  consumers 

Whereas  either  paper,  nulp  or  plastic  insulated  pair- 
ed cables  fundamentally  are  of  52  nF/Km  in  the  U.S.A. 
areas,  in  the  areas  of  U.K.  influence  this  value  is 
usually  higher:  53,  56  and  59  nF/Km  and  not  alike 

for  all  gauges. 

Quads  do  not  coincide  in  mutual  capacitance  either. 
While  VDE  specifies  36  and  42  nF/Km  for  paper 
insulated  conductors  the  French  P.T.T.  sets  a maxi- 
mum value  of  57  nF/Km. 

Plastic  insulated  quads  are  another  matter  with  aver- 


\prrAiLS  of 
^\£ONSmC7- 

SPECIFICATION^ 

COCWCTQRS 

GAUGE 

!NSU> 

TION 

CABLE 

ELE7CNTS 

COLOR 

core 

CORE  FORMATION 

CORE 

HRAP 

TARE 

StCATHS 

FILLED 

CABLE 

PLASTIC 

PAPER 

CONCENTRIC 

LAYERS 

UNITS 

PAPER 

CABLE 

PLASTIC 

CABLE 

B.P.O 

Copper 

pol yethyl en* 
Sol  id  *n d 
cellular 

Hel leal 

paper 

tape 

Pair*  and 
quads 

Their  own 

Up  TO 
100  pairs 

Multiple*  of 
25  pairs 
25,  50  and 
100 

“aper 

plastic 

Textile 

Lead 

anticorros- 

ive 

armor 

Metal  and 

plastic 

Widely 

used 

R.E.A 

Copper 

A.W.6 

26.  24.  22 

19 

Polyethylene 
po1 y propyl en< 
solid  or 
cellular 

Pacer  or 

wood 

pulp 

Pair* 

up  to 
2b  pairs 

Multiples  of 
25  pairs 
25.  50  and 
100 

Paper 

plastic 

Stalpeth 

PASP 

Metal  and 

plastic 

Widely 

used 

P.T.T 

Copper 

MCTPtS 
04.  0.5. 
0.6,  08 

Polyethylene 

solid 

Helical 

paper 

tape 

Star  and 
0**  quads 

Their  own 

Up  to 
1 4 quad ; 

Multiples  of 
7 quads 
7.  14,  56 
isOlL 

Paper 

plastic 

textile 

lead 

anticorros- 

ive 

armor 

Met*1  and 

plastic 

Fxperlwwrtal 

only 

V.D.E 

Copper 

§B 

Polyethylene 
sol  id  and 
cellular 

Helical 

paper 

tape 

Star  and 
ON  quads 

Their  own 

All  »1ie* 

■ 

Paper 

plastic 

Textile 

Lead 

anticorros- 

ive 

armor 

Metal  and 

plastic 

Widely 

used 

Summary  of  Cable  Standards 


F-igme  3 


age  values  of  50  and  5 2 nF/Km  with  a maximum  of  57 
nF/Km  by  the  P.T.T.  41  nF/Km  average  and  46  nF/Km 
maximum  by  the  B.P.O.  and  maximums  of  50  and  55 


nF/Km  by  the  V.D.E. 

Figure  4 provides  a sutroiary  of  the  above  differences 


GAUGE 

PAPER  PAIRED  CABLES 

PAPER  QUADDED  CABLES 

VDE 

BPO 

PTT 

REA 

VDE 

BPO 

PTT 

REA 

Med. 

Max . 

Med. 

Max . 

Med. 
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Med. 

Max. 

Med. 
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Med. 
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Med. 

Max. 

Med. 
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0.4 

- 

53 
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36 

36 
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- 
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- 
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60 
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- 

- 

0.6 

* 

' 

53 

60 

" 

52+4 

61 

38 

42 



45 

48.6 

52.5 

57.5 

- 

0.8 

_ 

-J 

- 

- 

KJI 

42 

38* 

- 

- 

- 

0.9 

1.27 

“ 

59 

38.5*1 

64 

41  .5- 

■ 

. 

52+4 

61 

34* 

38* 

41 

44.3 

. 

. 

. 

- 

- 

H 

| 

- 

- 

- 

- 

- 

- 

1 

GAUGE 

POLYETHYLENE  PAIRED  CABLES 
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BPO 
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Med. 
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Med. 

Max. 
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* 

- 

- 
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61 

50 

50 
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The  Case  for  International  Standardization 

We  have  just  examined  the  International  Telephone 
Cable  Market  and  from  the  standpoint  of  cable  norms 
have  observed  that  its  fundamental  characterization  Is 
a myriad  diversification  of  the  product  within  a basic 
uniform  end  use  in  terms  of  function.  It  is  clear 
that  even  with  a summarised  analysis  of  the  current 
requirements  for  this  product  a pattern  of  complete 
inconsistency  surfaces.  We  are  congnizant  of  the 
difficulties  and  obstacles  which  would  be  involved 
in  any  program  to  standardize  this  product.  As  a 
matter  of  fact,  it  would  appear  to  be  impossible  at 
first  glance  even  to  the  most  interested  of  advocates 
of  such  an  undertaking. 

Despite  the  many  factors  which  have  made  other  .equal ly 
difficult  and  apparently  impossible  objectives  imprac- 
tical in  other  eras,  the  fact  is  that  many  are  now  a 
reality.  As  an  example,  who  would  have  thought  a few 
years  ago  that  the  metric  system  would  be  aoopted 
despite  high  initial  expense  and  public  resistance  in 
the  U.K.?  Nevertheless,  despite  all  of  the  difficul- 
ties encountered,  this  program  is  well  on  its  way  to 
becoming  a reality  in  the  not  too  distant  future. 


In  our  opinion  standardization  would  have  the  following 
advantages  which  would  benefit  manufacturer  and  user 
alike. 

a)  Obtain  a scientific  structurization  of  telephone 
cables  which  would  benefit  the  professionals 
engaged  in  this  activity. 

b)  Cut  the  costs  for  telephone  cable  manufacturers 
reducing  the  capital  outlay  required.  Improve  uti- 
lization of  the  manufacturing  processes,  reduction 
of  changeovers,  scrap,  stock  requirements  and 
permit  longer  production  runs,  to  name  a few. 

c)  As  a consequence  of  the  above  and  the  obvious  in- 
vestment economies  for  the  consumer,  the  telephone 
administrations  could  reduce  their  own  stock,  sim- 
plify training  and  eliminate  problems  of  intercon- 
nections. 

d)  Reduce  lead  time  for  acquisition  of  products  and 
in  general  providing  more  "agility"  for  the  indus- 
try in  general . 


e)  While  it  is  advantageous  to  encourage  development 
and  improvement  of  the  product,  standardization  can 
focus  and  concentrate  these  efforts  on  the  basic 
problems  and  eliminate  marketing  "Gimnicks". 

f)  Greater  competition  in  the  international  marketing 
as  we  would  all  be  speaking  the  same  "language". 

In  suninary,  the  objectives  would  be  directed  towards  an 
orderly  system  with  many  obvious  economic  and  techni- 
cal advantages.  All  of  this  can  be  obtained,  we  are 
convinced,  without  limiting  development  efforts  or 
causing  overly  restrictive  conformity  keeping  in  mind 
the  highly  competitive  nature  of  this  market. 

The  logical  steps  to  achieve  this  objective  in  our 
opinion  may  follow  the  two  successive  phases  discussed 
in  the  following  section. 

1.  Standardization  - The  first  step: 

T he  initial  phase  would  seem  to  have  been  within 
incumbency  of  the  C.C.I.T.T.  (International  Con- 
sultive Telegraph  and  Telephone  Committee)  (Plenary 
Assembly  of  1972)  which  has  dedicated  scant  atten- 
tion to  the  subject  of  telephone  cable.  In  any 
case,  the  recommendations  of  the  proceedings  have 
restricted  itself  to  minimum  requirements  of 
transmission  characteristics,  i.e: 

G.321  Electrical  characteristics  of  the  star 

qjadded  cables  enabling  12,  24,  36,  48,  60 
or  120  telephone  carrier  channels  on  each 
pair  of  a quad. 

G.331  Electrical  characteristics  of  coaxial  pairs 
type  2. 6/9. 5 mm. 

G.342  Electrical  characteristics  of  coaxial  pairs 
type  1 .2/4.4  mm. 

G.521  Bare  wires  on  overhead  and  mixed  lines: 

a)  Loading  of  bare  wire  on  overhead  lines 

b)  Establishing  the  bare  wire  on  overhead 
1 ines 

G.522  The  use  of  different  types  of  electrical 
i nformation  on  cables  employed  at  voice 
frequency. 

Even  in  the  above,  the  recommendations  are  of  in- 
sufficient detail  and  in  some  cases  would  appear 
to  require  up-dating. 

The  problem  stated  above  is  in  direct  contrast 
with  the  thoroughness,  in  general,  with  which  other 
areas  of  transmission  are  covered. 

Perhaps  the  most  complete  references  concerning 
cable  are  contained  in  volume  IX  series  L recom- 
mendations, discussing  cable  sheaths  In  general 
historical  terms  without  treating  the  topic  of 
standards. 

In  our  opinion,  telephone  cables  constitute  in 
themselves,  a suficiently  Important  item  to  warrant 
a volume  exclusively  on  the  subject.  In  such  a 
volume  the  principal  standards  in  existance  could 
be  Included  and  perhaps  recommendations  by  this 
Important  organization  could  be  included  for  the 
various  end  uses  in  the  industry.  A starting  point 
which  may  not  represent  an  overly  conflictive  area 
of  agreement  would  appear  to  be  standardization  of 
gauges,  color  codes,  core  formation,  sheaths,  etc. 
and  some  of  the  principal  materials  used  In  the 
manufacture  of  the  product. 


2.  Standardization  - The  second  step 

Acceptance  by  the  various  administrations  of  the 
standards  proposed  by  the  C.C.I.T.T: 

This  second  step  presents  the  most  severe  stumbling 
block  to  realize  this  objective  and  can  effectively 
block  any  progress  in  such  a program.  Obviously, 
the  obstacles  to  acceptance  of  any  recommendations 
will  depend  upon  the  type  of  recommendations  In- 
volved. The  ability  of  the  specific  producing  or 
consuming  areas  to  adapt  to  such  standards,  tradi- 
tion, nationalistic  interests,  economic  considera- 
tions, technical  considerations,  differences  of 
opinion  based  on  the  above  or  any  number  of  other 
reasons  which  in  the  consideration  of  the  adminis- 
trations would  bear  sufficient  persuasive  weight. 

In  short,  we  are  amply  convinced  that  the  road  to 
standardization  contains  many  perils  and  practical 
considerations  which  limit  the  likelihood  of  suc- 
cess in  the  near  future. 

Characteristics  of  Requirements 

Working  without  standardization  causes  many  problems  as 

discussed  below.  All  of  these  influence  the  cost  of 

the  product  for  the  consumer. 

1 . Requirements  which  do  not  affect  performance: 

This  condition  exists  not  only  with  respect  to  the 
types  in  existance  in  the  industry  but  also  with 
respect  to  the  diversity  within  a functional  type. 

As  discussed  previously,  this  is  due  to  the  various 
influences  which  affect  the  standards  or  specifica- 
tions. This  results  in  serious  difficulties  for 
the  prospective  manufacturer  who  encounters  several 
orders  of  an  almost  identical  type  but  is  unable  to 
combine  the  orders  to  obtain  more  economical  run 
quantities,  improve  his  efficiency,  reduce  stock, 
waste,  etc.  Consider  as  an  example,  orders  for 
identical  cables  in  every  respect  except;  that  one 
is  0.64  mm  (22  AWG)  and  others  are  0.6  rm.  or; 
identical  gauge,  insulation,  color  codes,  etc.  but 
different  core  formations.  It  is  easy  to  visualize 
the  unfortunate  circumstances  which  are  often  the 
result  of  insignificant  differences  and  the  result- 
ing excessive  costs  for  producer  and  consumer  alike 

2.  Inertia  in  the  market: 

Often  the  market  is  surprisingly  slow  to  accept 
change.  Improvements  and  new  developments  are  dif- 
ficult to  Introduce  with  some  consumers  who  insist 
upon  certain  designs  only  because  they  have  aluxiyi 
used  them.  For  the  supplier,  it  is  frustrating  to 
encounter  consumers  who  have  automatically  discard- 
ed anything  which  represents  change.  Certain  de- 
signs which  have  been  in  use  for  40  years  continue 
to  be  required  despite  their  having  been  declared 
obsolete  in  most  administrations  as  much  as  20 
years  ago. 

Perhaps  an  example  is  the  requirements  of  paper- 
lead  cable  whereas  paper  pulp-Stalpeth  has  replaced 
the  former  in  the  U.S.A.  and  other  countries  as 
long  ago  as  25  years.  Without  entering  Into  a 
comnerclal  debate  or  endorsement  for  one  product 
over  another,  it  is  generally  conceded  that  paper- 
pul  p-Stalpeth  possesses  many  advantages  not  the 
least  of  which  Is  cost.  As  a minimum,  one  would 
expect  consumers  to  insist  upon  the  latest  technol- 
ogical and  economical  benefits  for  their  organiza- 
tion. 

The  matter  of  selection  of  one  product  over  another 
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is  most  certainly  the  sole  responsibility  of  the 
consumer  and  our  comment  is  not  directed  at  this 
fundamental  and  logical  decision  making  process, 
but  instead,  we  are  concerned  with  disregard  a 
P'Ux'tx  due  to  market  inertia. 

The  Suppliers  situation  in  the  International  Market 

We  have  discussed  the  varied  nature  of  the  specifica- 
tions in  a proceeding  section  and  the  effect  upon  the 
suppl ier. 

As  an  illustration  of  the  difficulties  which  a supplier 
might  face  in  the  international  market  we  can  indicate 
that  our  firm  has  over  1200  different  cable  variations 
in  its  sales  catalog  and  comparatively  is  a rather 
small  company.  Furthermore,  we  often  encounter  tenders 
which  we  are  unable  or  unwilling  to  manufacture  because 
unusual  specifications,  obsolete  designs,  or  unsound 
requirements  by  the  consumer  which  we  deem  could 
adversely  reflect  upon  us. 

For  a supplier  to  be  able  to  quote  on  any  given  require- 
ment from  the  international  market  he  must  possess  an 
extremely  extensive  range  of  machinery,  much  of  which 
he  will  utilize  sporadically.  Obviously,  there  is 
little  justification  for  such  a massive  outlay  in  terms 
of  investment  for  a few  hours  of  production  each  year. 

It  is  a fundamental  tenet  of  business  that  investments 
which  depend  solely  upon  export  business  must  be 
weighed  carefully  because  of  the  inherent  uncertainty 
of  a consistent  supply  of  business. 

An  interesting  situation  is  the  fact  that  the  condi- 
tions which  are  discussed  in  the  preceeding  section 
concerning  inertia  of  the  market  provide  a certain 
amount  of  regular  business  for  suppliers  with  obsolete 
equipment  which  can  be  pressed  into  service  for 
occasional  duty.  The  situation  in  which  such  companies 
find  themselves  is  disturbing  for  them  for  obvious 
reasons:  technologically  they  are  in  a negative  cycle 

unable  to  renew  the  installations  for  fear  of  losing 
customers,  and,  of  course  concerned  with  respect  to 
the  future  and  the  effect  of  any  sudden  end  to  the 
"inertia  factor". 

The  supplier  who  intends  to  deal  in  the  international 
market  can  review  the  section  "Analysis  of  the  Product" 
and  easily  determine  in  advance  that  he  will  be  unable 
to  meet  all  requirements.  Obviously,  he  must  sacri- 
fice substantial  "areas  of  influence"  which  he  will  be 
unable  to  supply.  With  respect  to  the  areas  which  on 
the  surface  appears  to  be  similar,  the  supplier  can 
expect  that  his  organization 's  engineering  competence 
and  manufacturing  flexibility  will  be  tested  to  its 
1 imits. 

The  requirements  for  entry  into  this  market  are: 

Flexibility  and  adaptation  to  the  market: 

Often  the  "small"  differences  between  the  supplier's 
standard  products  and  the  customer's  requirement 
involves  major  modifications  to  equipment  and  often 
must  be  performed  in  record  time. 

The  usual  initial  approach  is  to  attempt  to  convince 
the  customer  that  a suitable  alternative  construction, 
often  of  a better  design,  can  meet  his  requirements. 

In  the  event  that  the  supplier  is  unsuccessful , his 
equipment  must  be  modified  to  meet  the  design  commit- 
ments. In  the  majority  of  cases,  the  solution  is  a 
compromise  between  the  two  approaches. 

As  examples  of  the  above,  we  czn  cite  two  case  histor- 
ies where  customers  had  a specific  need  requiring  the 
modification  of  a standard  product  and  of  the  manufac- 
turing equipment. 


one  example  involved  pulp  insulated  Stalpeth  sheathed 
cable  and  was  a joint  project  with  General  Cable 
Corporation.  The  Iran  Telephone  Company  had  modified 
their  specifications  to  pulp  insulated  cable  with  a 
Stalpeth  sheath  in  preference  to  spiral  wrapped  paper 
with  a lead  sheath.  However,  TCI  wanted  a lower 
capacitance  value  than  the  normal  52  nF/ Km.  (0.083 
mF/mile).  After  detailed  study  it  was  determined  that 
40  nF/Km.  (0.064  mF/mile)  would  be  established  as 
average  mutual  capacitance.  Anyone  familiar  with  pulp 
machines  immediately  recognizes  the  difficulties  of 
putting  additional  pulp  on  0.6  mm  (approx. 22  AWG)  wire. 
In  essence  it  required  a pulp  ribbon  width  similar  to 
that  which  is  used  in  19  AWG  pulp  in  the  U.S.A. 

Figure  5 shows  the  sizes  of  the  low  capacitance  (40 
nF/Km)  pulp  as  compared  to  the  normal  pulp  insulated 
conductor  (52  nF/km). 


• 1’65mm 


• 153  mm 


• 114  mm 


COMPARISON  OF  STANDARD  19  AND  22  GAUGE  PULP  WITH 
LOW  CAPACITANCE  6mm  FURNISHED  FOR  IRAN 
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To  retain  the  inherent  economical  advantage  of  pulp  it 
was  necessary  to  run  the  machine  with  60  conductors 
instead  of  the  30  conductors  simultaneously  produced 
in  the  case  of  19  AWG.  Pulp  machines  are  among  the 
least  flexible  in  the  industry  having  been  designed 
for  a production  of  13  million  feet  of  conductor  per 
day  for  days  on  end  provided  no  production  scheduling 
changes  are  required.  It  is  apparent  that  such 
machines  do  not  lend  themselves  to  the  development  of 
prototype  cables. 

All  of  the  above  including  the  design  of  the  cable, 
issuance  of  specifications,  modifications  of  machinery, 
etc.  had  to  be  accomplished  in  less  than  thirty  days 
including  the  completion  of  a sample  manufacturing 
program.  In  the  ensuing  two  years,  thousands  of  reels 
of  cable  were  shipped  without  a single  quality  reject. 
Fortunately,  even  the  prototype  cable  met  all  target 
requirements  and  formed  part  of  the  shipments. 

Figure  6 shows  the  completed  cables  for  Iran  as 
compared  to  the  standard  design. 

In  the  case  of  export  business  long  delivery  lead 
time  must  be  allowed  to  meet  schedules.  Customs  and 
transportation  difficulties  can  frequently  occur  and 
costly  scrap  and  penalties  can  easily  result  under  the 
pressure  of  tight  schedules.  The  normal  problems 
associated  with  regular  domestic  business  can  be  com- 
pounded many  times  over  when  dealing  internationally. 


Comparison  of  600  pair  0.6  im.  Standard  Construction 


Equally  successful  to  the  project  described  above 
involved  the  Pakistan  P.T.T.  and  another  entirely 
different  class  of  cable.  In  this  case,  the  customer 
required  filled  cable  which  is  a very  modern  concept 
but  this  was  combined  with  a very  primitive  sheath 
and  armor  involving  two  helically  applied  steel  tapes. 
Spiral  taping  is  slow  and  many  modern  plants  including 
ours  have  not  purchased  this  type  of  equipment. 

A joint-technical  meeting  between  Pakistan  engineering 
personnel  and  our  research  and  development  group 
determined  that  longitudinal  corrugated  steel  was  equal 
to  spiral  tape  from  the  standpoint  of  ruggedness.  Never 
theless,  the  customer  would  not  yield  on  the  require- 
ment that  two  steel  tapes  be  used.  The  final  design 
selected  was  essentially  an  ASP  sheath  with  another 
unsoldered  corrugated  longitudinal  protection  and  final 
sheath  of  polyethylene. 

Figure  7 shows  the  designs  requested  compared  to  the 
one  which  was  finally  agreed  upon. 


Alternative  insulation  materials  were  also  studied  at 
the  same  time  to  compensate  the  increase  in  material 
costs  of  the  sheath  described  above. 

Low  density  foam  insulation  was  not  acceptable  and  yet 
was  the  only  foam  polyethylene  material  readily  avail- 
able in  Spain.  The  selection  of  another  polyethylene 
was  made  and  this  led  to  a rather  novel  way  of  adding 
the  expanding  agent.  Wilson  Company  and  CCSA  entered 
into  a joint  development  project  with  the  result  being 
color  chips  that  included  the  blowing  agent. 

Using  this  technique  yielded  a very  uniform  insulation 
as  can  be  seen  by  the  next  figure. 


In  the  two  examples  given  above,  a total  of  ten  proces 
ses  were  modified  and  specific  equipment  developed  to 
produce  the  order.  If  these  projects  are  occuring 
simultaneously  with  dozens  of  other  orders  involving 
similar  adaptations,  the  dependance  upon  the  human 
ingenuity  within  a given  organization  is  of  prime 
importance . 

Future  growth  of  the  International  Telecommunications 

Market 


1.  Projection: 


Based  upon  hypothetical  calculations  utilizing  lo- 
gical consumptions  one  must  conclude  that  the  future 
of  this  market  is  enormous. 


Although  telephony  does  not  monopolize  all  of  the 
world  requirements  for  communications,  its  propor- 
tion in  comparison  to  other  users  is  sufficient  so 
that  we  can  restrict  our  calculations  to  this  field 
Rather  than  estimating  the  amount  of  cable  required 
it  is  simpler  to  consider  that  the  future  require- 
ments in  terms  of  telephones  is  roughly  proportion- 
al to  the  amount  of  cable  required. 

Therefore,  we  should  examine  the  number  of  tele- 
phones installed  world  wide  at  the  beginning  of 
1973,  which  is  the  latest  date  for  which  statistics 
are  available. 

Million  Telephones  per 

Telephones  100  Population 

142.1  61.3 

3.4  3.4 

6.7  3.3 

106.1  16.0 


Continent  or  Area 
North  America 
Central  America 
South  America 
Europe 


This  information  is  shown  in  figure  9. 


Million 

Telephones  per 

Continent  or  Area 

Telephones 

100  Population 

Africa 

3.7 

1 .0 

Japan 

34.0 

31 .5 

Rest  of  Asia 

10.2 

0.5 

Australia  and 
Pacific  Islands 

6.4 

29.4 

If  we  accept  the  figure  shown  for  North  America,  a 
telephone  for  each  1,6  of  population  as  a possible 
statistic  world  wide,  then  we  would  require  2.287 
million  additional  telephones  distributed  in  the 
fol lowing  manner: 

Approximate  requirement  no. of 


Continent  or  Area 

Telephones 

Central  America 

60  mill  ions 

South  America 

120 

Europe 

400 

Africa 

370 

Japan 

34 

Rest  of  Asia 

1 ,296 

Austral ia  and  Paci fic 
Islands 
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However,  if  we  consider 

that : 

- The  world  population 

increases  at  a rate  of  2% 

annually. 

- The  population  of  the  rest  of  the  world  (exclud- 
ing North  America)  was  approximately  3500  million 
(1973). 

- The  number  of  telephones  installed  in  the  rest  of 
the  world  was  171  million  (1973). 

and  assuming  that  the  rest  of  the  world  increases 
the  number  of  telephones  installed  per  year  at  an 
increase  of  12',  to  achieve  the  goal  of  1 telephone 
per  1.6  population  we  would  calculate  the  following: 

3-500  (1.02)t  = 171  (1.12)t 

1 .6 

t = no.  of  years  required 

Solving  the  above  equation  would  indicate  that  to 
meet  the  objective  would  require  27  years.  In 
effect  this  level  would  be  achieved  shortly  after 
the  year  2,000. 
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The  number  of  telephones  installed  in  the  rest  of 
the  world  would  be:  3734  million.  Subtracting  the 
telephones  already  installed  (171  million),  3563 
million  new  telephones  would  have  to  be  installed. 

This  implies  an  average  annual  requirement  of  132 
million  telephones  the  equivalent  of  77'  of  those 
which  were  already  installed  in  1973. 

The  installation  effected  in  100  years  of  telephony 
in  the  rest  of  the  world  represents  4.8?,  of  the 
future  requirements  if  we  accept  the  density  (tele- 
phone/population) ratio  given. 

Continuing  the  idea  of  proportion  between  telephones 
and  cables,  we  can  estimate  on  a very  rough  basis 
that: 

- The  telephone  cable  installed  in  the  rest  of  the 
world  up  to  1973  represents  only  4.8?  of  its 
requirements  to  the  year  2,000. 

- If  this  objective  were  to  be  reached  by  the  year 
2,000,  the  average  annual  consumption  for  the  rest 
of  the  world  represents  77%  of  the  cables  already 
installed  and  in  service  up  to  1973. 
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Calculation  of  telephone  demand 
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2.  Product  Requirements  - Current  and  future  market 

tendencies: 

- It  is  apparent  that  many  of  the  consumers  are 
specifying  filled  cables  or  at  least  demonstrat- 
ing an  interest  in  this  type  of  cable  with  the 
increasing  desire  to  bury  cable. 

- In  non-filled  plastic  insulated  cables  there  is 
an  interest  in  FPA,  Glover,  etc.  sheaths  which 
employ  copolymer  coated  aluminium  screens. 

- Pairs  have  gained  in  acceptance  in  comparison  to 
quads  due  to: 


I 


1 


a) 

b) 

c) 


Reduction  of  the  use  of  "phanton  circuits" 
elimination  of  the  cost  differential  between 
the  two,  and 

Increase  in  PCM  or  other  high  frequency 
appl ications. 


f 

- A reduction  in  the  use  of  lead  for  sheaths  is  evi-  only  used  for  special  applications  for  exchange  area 

dent  with  the  "age  of  plastic"  gaining  in  accept-  cable  insulation, 

ance  by  consuming  areas  apparently  as  a result  of 

economics  and  by  observing  that  highly  developed  For  obvious  reasons,  the  objective  of  the  summary  was 

(countries  have  made  a successful  transition.  to  describe  current  and  immediate  future  trends 

observed.  In  general,  the  interest  in  video  phones, 

- Paper/pulp,  a continuous  tube  of  paper  manufact-  special  coaxial  cables,  wave  guides,  fiber  optics, 
ured  directly  onto  the  conductor  has  gained  laser,  etc.  is  restricted  to  areas  with  supply  capa- 

acceptance  in  many  areas  over  the  conventional  bilities  within  its  borders.  International  market 

spiral  wrap  paper  insulation.  interest  in  these  areas  is  considered  to  be  on  a long 

range  basis  in  terms  of  commercial  applications. 

- PVC,  having  a higher  dielectric  constant  and  poor- 
er dissipation  factor  than  polyethylene,  is  now  This  projection  is  summarized  in  the  final  figure. 


Present  and  future  trends 
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FINITE  ELEMENT  ANALYSIS  OF  CABLES 


Arthur  D.  Carlson 
New  London  Laboratory 
Naval  Underwater  Systems  Center 
New  London,  CT  06320 


Summary 

A structural  analysis  technique  employing  the 
theory  of  finite  elements  has  been  applied  to  several 
multiconductor  armored  cables  with  good  results.  The 
interactions  of  all  the  cable  components,  that  is,  the 
armor,  conductor,  filler  materials,  etc.,  are  deter- 
mined when  the  cable  is  subjected  to  an  axial  load,  and 
in  one  case  to  a hydrostatic  pressure  as  well.  The 
analytical  results  include  the  stress,  strain,  and 
relative  motion  of  each  cable  component;  for  example, 
the  radial  deformation  and  stress  level  in  the  covering 
of  a copper  conductor  can  be  determined  as  well  as  the 
stress  in  the  principal  load  carrying  members.  With 
this  kind  of  detailed  information,  one  now  has  the 
basis  for  postulating  the  life  of  a cable. 

This  analysis  technique  is  not  restricted  to 
rotationally  symmetric  geometry.  In  fact,  it  is  geo- 
metrically Independent,  and  therefore  permits  its 
application  to  practically  all  possible  designs.  It  is 
also  possible  to  consider  nonlinear  problems,  such  as 
those  caused  by  elastic-plastic  stress  states,  large 
deformation,  and  creep. 

Introduction 

It  is  clear  that  a detailed  understanding  of  the 
interaction  and  relative  importance  of  the  constituents 
(armor,  insulation,  wire  diameter,  etc.)  of  a cable  is 
needed  before  a predictable  reliability  determination 
can  be  made.  If  a designer  had  this  information  and 
the  means  to  vary  parameters  in  the  design,  he  would 
understand  and  thereby  be  able  to  control  and  build 
into  a cable  any  desired  performance.  This  paper  will 
discuss  how  the  theory  of  finite  elements,  a struc- 
tural analysis  technique,  has  been  applied  to  several 
cable  designs  and  what  new  insights  result.  Also,  the 
formulation  of  the  problem  of  stresses  induced  in  a 
cable  as  it  goes  over  a sheave  is  outlined. 

Before  proceeding  to  the  discussion  of  the  tech- 
nique and  a comparison  of  the  analytical  results  with 
some  experimental  results,  let  us  first  define  what  is 
implied  by  the  terms  "structure"  and  "mathematical 
model."  A structure  connotes  anything  composed  of 
organized  or  interrelated  elements.  This  could  mean, 
for  example,  a bridge,  a chair,  an  automobile  or  a 
cable.  Structure,  then,  ha3  an  extremely  broad  meaning. 
One  usual  connotation  of  the  term  math  model  appears  to 
be  that  one  must,  in  effect,  know  certain  solution  in- 
formation beforehand  and  construct  a set  of  modeling 
equations  (a  mathematical  model)  that  will  predict  the 
measured  or  apparent  results,  which  in  turn  permits 
the  extrapolation  of  measured  results  to  a point  beyond; 
we  prefer  to  call  this  process  a curve  fitting  tech- 
nique. The  second  connotation,  which  is  the  meaning  in 
this  report,  is  that  a mathematical  model  can  be  devel- 
oped to  describe  the  system  (structure)  without  knowing 
what  the  response  will  be.  Thus,  the  solution  of  the 
resultant  equations  of  motion,  with  the  problem  bound- 
ary conditions,  will  describe  the  total  response, 
thereby  providing  new  insight  into  the  physical  nature 
of  the  problem  and  showing  the  interaction  of  the 
problem  variables. 

The  analysis  of  several  cable  designs  is  pre- 
sented along  with  experimental  results  that  at  least 
partially  attest  to  the  correctness  of  the  math  models. 


NASTRAN  was  used  as  the  analysis  tool  for  these  results, 
but  one  is  not  limited  to  this  program  only.  It  is  not 
necessary  to  prove  the  validity  of  the  finite  element 
theory  as  this  has  already  been  done  in  the  literature 
and  in  practice. 

The  cables  to  be  considered  are  not  the  usual 
wire  rope  designs,  but  rather  specialized  designs  to 
fit  particular  undersea  requirements.  These  require- 
ments are  a combination  of  mechanical  and  electrical 
factors.  There  are  some  current  methods  for  handling 
wire  rope  designs  that  are  apparently  quite  adequate. 
The  theory  of  finite  elements  will  be  applied  to  cables 
where  these  techniques  are  not  appropriate.  The  cables 
and  the  theory  presented  in  this  paper  are,  for  the 
most  part,  covered  in  references  1,  2,  and  3. 

Math  Model  I 

The  cross  section  of  the  cable  considered  as 
model  I is  shown  in  figure  1.  The  Kevlar-29  is  in  a 
parallel  lay,  whereas  the  electrical  conductors  (copper 
with  an  ethylene-propylene  rubber  jacket)  are  twisted 
triads  with  a period  of  one  inch.  This  configuration 
is  covered  with  a neoprene  jacket.  The  cable  is  to  be 
subjected  to  an  axial  load  (which  will  be  81001b)  and 
hydrostatic  pressure  (of  4535  psi).  It  is  desired  to 
determine  the  stress  and  deformation  of  the  Kevlar-29 
rather  accurately.  It  is  acceptable  that  the  degree 
of  accuracy  in  the  remaining  components  will  be  less. 

Because  of  symmetry,  only  one  quarter  of  the 
cross  section  requires  mathematical  modeling.  The 
quarter  segment  to  be  modeled  is  shown  in  figure  1 and 
is  the  area  included  within  the  x-y  quadrant.  A deci- 
sion must  now  be  made  regarding  the  length  of  the  cable 
to  be  modeled.  The  determining  factor  for  this  parti- 
cular cable  was  the  pitch  of  the  conductors.  It  was 
considered  necessary  to  model  at  least  two  complete 
rotations  of  the  triad.  Longitudinally  then  the  math 
model  was  two  inches.  With  this  length,  enough  of  the 
helix  is  far  enough  away  from  the  boundaries  of  the 
math  model  so  as  not  to  be  affected  by  them.  This 
point  will  be  discussed  in  more  detail  in  a later  part 
of  the  text. 

The  finite  element  math  model  in  the  plane  of 
the  cable  normal  to  the  longitudinal  axis  is  shown  in 
figure  2.  The  Kevlar-29  longitudinal  fibers  were 
modeled  with  three-dimensional  finite  elements.  Note 
that  continuity  across  each  finite  element  boundary  is 
satisfied,  hence  the  assemblage  of  finite  elements 
models  the  Kevlar  as  a continuum.  Because  the  Kevlar- 
29  has  a very  different  modulus  of  elasticity  in  the 
longitudinal  (z  direction)  and  lateral  directions  (x-y 
plane),  this  orthotropic  nature  has  to  be  considered. 
This  effect  is  easily  accounted  for  within  the  NASTRAN 
program  in  a straightforward  manner,  in  that  the  mate- 
rial properties  in  the  orthogonal  directions  are  input 
parameters . 

Now  that  the  interactions  of  the  Kevlar-29  with- 
in itself  have  been  accounted  for,  the  interactions 
between  the  Kevlar-29  and  the  surrounding  electrical 
conductors  is  considered.  This  interaction  would  be 
due  to  the  hydrostatic  load  as  well  as  the  axial  load. 
The  radial  interaction  between  these  two  constituents 


Is  modeled  with  scalar  finite  elements,  more  particu- 
larly, springs.  These  are  designated  as  K^  in  figure 
2.  The  magnitude  of  Kj  is  determined  experimentally 
by  placing  one  of  the  conductors  on  a rigid  surface, 
loading  it  on  the  opposite  side  and  plotting  a force 
deflection  curve  from  which  a spring  constant  can  be 
found.  Figure  3 shows  a typical  test  setup  for  finding 
the  spring  constant.  A similar  procedure  is  used  to 
find  an  equivalent  spring  to  simulate  the  radial  force 
interaction  between  the  conductors.  A typical  test 
setup  is  shown  in  figure  4.  This  interaction  is  mod- 
eled by  spring  K2  shown  in  figure  2. 

The  last  constituent  to  be  considered  is  the 
neoprene  coating.  This  is  not  particularly  important 
from  an  axial  strength  point  of  view  but  it  does  con- 
tribute to  the  radial  squeeze  on  the  conductors. 
Three-dimensional  wedge  finite  elements  were  used  here 
and  are  shown  in  figure  2.  Since  the  Kevlar-29  and 
neoprene  are  three-dimensional  finite  elements,  they 
have  a dimension  of  length  which  is  normal  to  the 
radial  plane.  The  length  of  each  element  is  dependent 
on  the  length  of  the  helix  of  the  electrical  conductor 
in  the  sense  that  the  radial  contact  between  the  spring 
K^  is  a function  of  the  helix  period.  Spring  repre- 
sents the  continous  radial  contact  force  between  the 
Kevlar  and  the  ethylene-propylene  rubber  covering  the 
copper,  but  concentrated  at  discrete  points.  The 
length  of  each  three-dimensional  element  was  0.33  inch 
and  was  based  on  a helix  period  of  one  inch. 

The  conductor  was  modeled  with  bar  finite  ele- 
ments (3  per  helix)  which  can  withstand  tension,  com- 
pression, bending,  and  torsion.  A three  bar  approxi- 
mation is  rather  crude  for  finding  the  detailed  state 
of  stress  in  the  conductor,  but  because  we  were  more 
interested  in  the  state  of  stress  in  the  Kevlar  at  this 
particular  point,  this  approximation  was  accepted.  If 
a more  detailed  state  of  stress  was  desired,  more  bar 
elements  would  have  been  used.  A detailed  examination 
of  the  finite  element  math  model  of  figure  2 will  show 
a slightly  different  arrangement  of  the  triad  spacing, 
and  the  depth  of  the  neoprene.  This  slight  adjustment 
was  done  for  ease  of  modeling.  The  measured  triad 
stiffness  is,  in  effect,  smeared  along  the  outer  cir- 
cumference of  the  Kevlar-29.  The  triad  and  neoprene 
approximations  are  minimal  from  a stiffness  point  of 
view,  which  is  important  since  this  is  the  parameter 
which  determines  the  load  transfer.  If  one  wanted  a 
detailed  stress  picture  of  the  triads  and  neoprene 
many  more  finite  elements  would  be  used  to  model  these 
two  components.  A picture  of  the  complete  three- 
dimensional  model  is  shown  in  figure  5. 

Boundary  Conditions 

The  question  now  to  be  addressed  concerns  the 
boundary  conditions  the  structure  is  to  be  subjected 
to.  In  the  actual  cable,  any  plane  normal  to  the  lon- 
gitudinal axis  is  assumed  to  move  as  a plane.  To 
simulate  this  effect,  the  boundary  of  the  math  model 
at  Z*0  (see  figure  5)  is  restrained  from  any  movement 
in  the  axial  (Z  direction)  but  is  free  to  move  in  all 
other  directions.  The  boundary  at  the  top  plane  of  the 
model  (figure  5)  is  given  an  enforced  displacement. 

That  is,  each  node  point  which  is  the  junction  of  in- 
tersecting finite  elements  is  moved  a unit  distance  in 
the  Z direction,  but  is  free  to  respond  in  all  other 
directions.  The  distance  used  was  0.010  inch.  These 
boundary  conditions  simulate  the  axial  elongation.  The 
hydrostatic  pressure  load  is  simulated  by  applying  a 
load  at  each  node  point  on  the  outermost  circumference 
in  the  radial  direction  and  in  the  Z direction  on  the 
top  and  bottom  surfaces.  The  pressure  used  was  4535 
psi . 


Results  for  Cable  I 

Maximum  values  of  stress  in  the  cable  members 
for  an  axial  load  of  8100  lb  (correspond  to  0.010  inch 
axial  displacement)  and  the  state  of  stress  due  to  the 
combined  effects  of  the  axial  and  hydrostatic  load  of 
4535  psi  are  given  in  table  1. 

TABLE  l 


A* lal  Load  (8100  lb) 

Axial  Load  plus  Hydrostatic  , 
(8100  lb)  Pressure 

('.5)5  psi,  | 

Material 

0 

X 

PM 

0 

y 

0 

z 

p*i 

0 

X 

0 

y 

pal 

0 

z 

PM. 

Kevlar-29 

31« 

-109 

49,000 

-5510 

-5510 

48,700 

Neoprene 

101 

106 

106 

-6620 

-6835 

-6.701 

Copper 

Conductor 

-2 

— 59 

Conductor- 
Conductor 
Interaction 
in  Radial 
Direction 

(k2> 

-6.4  pal 

-1266  pal 

Kevlar-29- 
Conductor 
Interaction 
In  Radial 
Direction 
(K^) 

-9.5  pal 

-5209  pal 

The  addition  of  the  hydrostatic  pressure  has  a 
negligible  effect  on  the  state  of  stress  in  the  Kevlar- 
29.  In  either  case,  the  stress  levels  were  within  the 
problem  tolerance.  The  other  cable  constituents  exper- 
ienced a marked  change  in  stress  due  to  the  addition  of 
the  hydrostatic  load.  No  problem  is  foreseen  for  the 
copper  conductor,  but  one  could  be  envisioned  for  the 
insulation  covering  of  the  conductor  where  the  maximum 
compressive  stress  is  on  the  order  of  5200  psi  com- 
pression. This  state  of  stress  may  be  high  enough  to 
cause  a creep  problem,  which  may,  if  it  occurs,  cause 
the  conductor  insulation  to  become  egg  shaped.  This, 
in  turn,  may  affect  the  electromagnetic  characteristics 
in  a negative  manner.  As  mentioned,  this  model  is  not 
fine  enough  to  give  detailed  states  of  stress  in  the 
conductor  insulation,  but  since  a problem  may  exist,  a 
new  more  detailed  math  model  could  be  built  and  analyzed. 

Math  Model  Validation 

These  stress  results  are,  of  course,  calculated 
values.  One  must  accept  them  with  the  same  level  of 
acceptance  that  is  given  to  the  math  model  and  the 
theory  of  finite  elements.  A test  was  conducted  on  the 
cable  to  compare  its  axial  elongation-axial  force  char- 
acteristics with  the  calculated  values.  These  results 
are  shown  in  figure  6.  The  important  characteristic 
of  this  plot  is  the  similar  slopes  of  the  analytical 
and  experimental  load-strain  curves.  From  approximately 
6000  to  16,000  lb  they  are  reasonably  parallel.  The 
offset  is  due,  we  believe,  to  the  voids  and  slack  which 
are  in  the  real  cable,  for  which  no  modeling  was  done. 
Because  these  voids  are  random  and  not  easily  controlled, 
and  diminish  after  an  initial  loading,  there  does  not 
appear  to  be  any  compelling  reason  to  consider  them. 
Because  the  load-deformation  characteristics  of  the 
finite  element  model  and  the  test  were  essentially  the 
same,  we  consider  the  math  model  to  be  a reasonable 
representation  of  the  real  cable.  Other  information 
available  from  the  model  was  the  relative  motion  of 
each  constituent. 
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Math  Model  II 

A second  cable  configuration  is  shown  in  figure 
7.  This  cable  also  demonstrates  a convenient  radial 
symmetry  with  respect  to  the  center.  The  strength  mem- 
bers (fiberglass)  with  a helical  period  of  20  inches 
provide  the  necessary  strength  to  counteract  the  axial 
forces  (figure  7).  The  center  copper  conductor  is  sur- 
rounded by  polyethylene.  The  fiberglass  strands  are 
wrapped  about  the  polyethylene  core  which  is  imbedded 
in  a foamed  polyethylene  cover. 

Due  to  the  symmetry  of  this  structure,  only  a 
quadrant  of  the  cross  section  was  modeled  (figure  8). 
The  type  of  finite  elements  chosen  for  the  various 
material  constituents  are  as  follows: 

• Copper  conductor  - This  material  located  at  the 
center  was  modeled  by  the  use  of  four  CWEDGE  (NASTRAN) 
elements  for  each  plane  (figure  8).  These  are  three- 
dimensional  finite  elements  and  yield  stress-strain 
results  in  the  x,  y,  z directions.  The  total  length 
of  the  model  was  seven  inches.  The  material  was 
assumed  to  be  isotropic  with  a Young's  modulus  of 
17.6  x 10^  psi  and  a Poisson’s  ratio  of  0.3.  In  the 
finite  element  model  (figure  9),  this  designates  the 
area  surrounded  by  the  grid  points  0,  i.0,  11,  12,  13, 
and  14. 

• Polyethylene  - This  section  of  material  was 
modeled  with  the  use  of  the  CHEXA2  elements,  also 
three-dimensional  finite  elements.  The  Young's  modu- 
lus for  this  isotropic  element  was  1.8  x 105  psi  and 
the  Poisson's  ratio  was  0.48  (nearly  incompressible). 
This  material  is  indicated  by  elements  5 through  8. 

• Fiberglass  - This  cable  component  was  modeled 
as  a rod  element  for  the  anticipated  tensile  load. 

Since  the  period  of  the  helical  lay  is  20  inches.  It 
was  assumed  for  this  model  of  7 inches  that  the  rod  is 
essentially  in  a parallel  lay  configuration.  This 
assumption  was  used  as  a first  approximation  since  the 
polyethylene  core  is  only  0.2  in.  in  diameter.  The 
stiffness  of  the  fiberglass  in  the  horizontal  plane  is 
accounted  for  with  springs  acting  in  the  radial  and 
circumferential  direction.  The  stiffness  of  these 
springs  was  determined  experimentally  (as  it  was  for 
u.odel  I)  and  are  denoted  as  and 

• Foamed  polyethylene  - The  covering  material  was 
modeled  with  the  use  of  the  CHEXA2  elements,  a three- 
dimensional,  isotropic  finite  element.  The  elements 
are  numbered  9 through  16  in  figure  9. 

• The  circumf erential  stiffnesses  of  the  fiber- 
glass-polyethylene interactions  and  the  radial  stiff- 
ness of  the  fiberglass  alone  were  determined  by  the 
usual  implementations  of  experiments.  This  method  was 
described  in  the  discussion  of  the  first  math  model 
(figures  3,  4).  The  resulting  stiffnesses  are  modeled 
in  the  form  of  CELAS1  (spring)  elements. 

Boundary  Conditions 

In  the  bottom  plane  (Z»0)  of  the  model,  all 
grid  points  were  mathematically  fixed  (no  displace- 
ment). The  top  plane  of  the  model  was  forced  to  dis- 
place 0.1  inch  in  the  axial  direction. 

Due  to  the  modeling  of  only  one  quarter  of  the 
cable  section,  appropriate  boundary  conditions  were 
substituted.  Namely,  all  displacements  in  the  radial 
and  axial  direction  along  the  cut  were  allowed.  All 
the  displacements  orthogonal  (circumferential  dis- 
placements) to  the  cut  were  not  allowed. 


Results  for  Cable  l l 

From  the  computed  results  it  was  determined  that 
about  20%  of  the  total  tensile  force  was  taken  up  by 
the  center  conductor.  A much  larger  portion  of  the 
force  was  distributed  among  the  fiberglass  strands 
(752).  The  remaining  5%  of  the  load  was  taken  up  by 
the  foamed  polyethylene  and  the  internal  polyethylene. 
This  was  approximately  the  desired  load  distribution. 

Math  Model  Validation 

The  modeled  cable  was  tested  in  the  laboratory. 
The  cable  length  was  nine  feet  with  each  cable  end 
properly  potted  and  fitted  into  end  grips.  A tensile 
load  was  applied  through  a hydraulic  actuated  load  cell 
The  axial  displacements  were  measured  to  within  1/32  of 
an  inch.  The  cable  specimen  was  loaded  to  850  lb  and 
then  unloaded  to  approximately  80  lb.  The  experimental 
curve  is  shown  in  figure  10.  The  initial  loading  seg- 
ment on  the  experimental  curve  (from  the  origin  to 
point  A)  is  attributable  to  the  internal  adjustment 
(reorientation)  of  the  cable  component.  It  required 
a certain  amount  of  preload  for  this  structure  to 
behave  as  an  elastic  continuum  due  to  internal  voids. 
Once  material  continuity  is  established,  the  cable 
responds  in  an  elastic  manner.  Both  the  loading  and 
unloading  curves  display  the  same  slope  on  the  force- 
strain  (F-e)  plane. 

Cable  Model  Variations  of  Cables  I and  II 

Two  different  cable  configurations  have  been 
analyzed  and  the  load  distribution  and  component  defor- 
mations have  been  found.  If  any  of  these  results  do 
not  fit  within  a particular  material  or  system  boundary 
it  is  a straightforward  process  to  change  the  model, 
make  another  computer  run  and  evaluate  the  new  config- 
uration. For  example,  if  in  the  second  cable,  20%  of 
the  axial  load  being  carried  by  the  copper  conductor 
is  too  much  (perhaps  it  raises  the  stress  level  to 
yield),  one  could  change  the  material  or  geometrical 
characteristics  of  the  foamed  polyethylene  to  determine 
if  a new  axial  load  sharing  could  be  made.  Another 
variation  might  be  to  change  the  size  and/or  position 
of  the  fiberglass  strands. 

The  two  cables  we  have  discussed  have  had  con- 
venient geometries  in  that  their  symmetry  could  be 
taken  advantage  of,  and  the  minimum  number  of  degrees 
of  freedom,  i.e.,  equations  of  motion  were  required  to 
solve  the  problem.  Degrees  of  freedom  are,  in  general, 
related  to  problem  size,  which  is  related  to  model 
setup  time  and  computer  run  time,  all  of  which  are 
related  to  cost.  Symmetry,  however,  is  not  a require- 
ment for  the  implementation  of  the  finite  element 
application  to  a problem.  In  fact,  the  strength  of  the 
method  is  its  nonreliance  on  symmetry.  A nonsyrametri- 
cal  design  would  simply  require  a more  complicated 
model. 

Linear  and  Nonlinear  Problems 

The  two  cables  previously  discussed  fit  within 
the  theory  of  elasticity,  i.e.,  the  stress  is  elastic 
and  the  displacements  are  small.  For  an  axially 
applied  load  the  first  condition  that  is  usually  vio- 
lated is  that  of  elastic  stress.  The  stress  levels 
can  easily  be  above  the  yield  point,  well  into  the 
plastic  zone.  This  nonlinearity  can  be  accounted  for 
in  some  finite  element  computer  programs.  Strains  of 
the  order  of  5%  to  10%  may  be  considered  with  some 
finite  element  codes. 

A further  theoretical  complication  can  be 
added  to  a problem  which  occurs  when  the  deflection 


of  the  structure  La  Large.  Deflection  defined  here  is 
a movement  of  the  structure  in  space,  over  and  above  a 
large  strain  in  a material.  A physical  situation  which 
is  described  by  this  action  is  the  bending  of  a cable 
over  x sheave.  If  during  this  bending  the  stress 
exceeds  the  yield  point,  we  have  a combined  elastic- 
plastic,  large  deflection  problem.  Work  is  currently 
underway  to  solve  this  problem. 

The  problem  on  time-dependent  material  effects 
(creep)  can  also  be  considered  within  the  finite  ele- 
ment context.  A number  of  codes  are  available  to 
handle  such  problems.  It  may,  in  some  cases,  be  harder 
to  get  the  actual  material  creep  data  than  to  compute 
the  effects. 

Conclusions 


The  results  of  two  different  finite  element 
analyses  have  been  presented  along  with  some  supporting 
test  work  to  verify  the  models.  With  this  technique, 
new  insight  into  the  interaction  of  the  cable  const i- 
uents  can  be  found  and  the  design  adjusted  "on  paper" 
if  the  performance  is  not  within  a given  specification. 
Although  not  discussed  in  this  paper,  several  other 
cable  designs  subject  to  different  performance  require- 


ments have  been  analyzed,  the  resultant  designs  built, 
and  they  have  performed  well  in  the  field. 

The  nonlinear  problems  of  elastic-plastic  stress 
states,  large  deflection,  and  creep  problems  can  also 
be  considered.  Such  nonlinear It les  complicate  the 
analysis  and  add  to  the  computing  costs,  but  neverthe- 
less are  amenable  to  solution  in  some  cases. 
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Figure  3.  Experimental  Method  for  Finding 
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Figure  A.  Experimental  Method  for  Finding 
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Figure  5.  Three-dimensional  Math  Model  of 
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Figure  7.  Finite  Element  Model  of  Buoyant  Cable 
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Figure  10.  Tension  Test  vs  Finite  Element  Analysis 
of  Buoyant  Cable 
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Abstract 


Design  Guides 


The  electronics  industry  trend  toward  smaller  pack- 
aging concepts  has  led  to  the  need  for  design  guides 
for  flat  rather  than  round  fine-wire  cable  used  in 
applications  needing  wire  sizes  AWG  *30  or  smaller. 
The  table  guides  presented  include  data  on  conductor 
characteristics,  primary  insulation,  insulated  con- 
ductor groupings,  and  shielding.  Also  discussed  are 
conductor  grouping  configurations,  cable  jacketing 
and  materials  available  and  cable  packaging  at  termi- 
nation points.  Conductor  characteristics  include 
hardness,  tensile  strength,  and  elongation  as  related 
to  cable  strength  and  configuration,  and  a review  of 
the  various  conductor  materials  available  such  as 
copper  ETP,  copper  OFHC,  and  copper  alloys.  Also 
included  are  kinds  of  strand  plating  (coating)  available 
and  the  number  of  strands  per  conductor.  Primary 
insulations  cover  various  insulating  materials  and 
their  thicknesses.  Selection  of  the  number  of  con- 
ductors depends  on  the  overall  cable  configuration  and 
this  is  part  of  the  design  considerations  on  insulated 
conductor  grouping.  Shielding  requirements  are  re- 
viewed along  with  the  selection  criteria  on  insulated 
conductor  grouping.  Selection  of  jacket  materials  is 
related  to  the  packaging  of  the  cable  termination  points 
in  order  to  have  compatibility  between  the  connector 
used,  and  potting  or  encapsulating  system  required 
for  the  cable  system,  fable  flex  life  versus  cable 
flexibility  is  determined  by  the  particular  application 
requirements. 


Introduction 

The  trend  toward  smaller  packaging  concepts  within 
the  electronics  industry  has  created  the  need  for  de- 
sign guides  in  the  application  for  fine-wire  cable. 
These  types  of  cables  are  used  in  applications  needing 
wire  sizes  that  are  AWG  *30  diameter  or  smaller  and 
have  a flat  shape  rather  than  round. 

A typical  cable  has  a silicone  or  polyurethane  jacket 
over  the  cable  components.  The  cable  components  are 
unshielded  singles,  twisted  pairs,  twisted  triplets  and 
twisted  sextuplets.  The  cross  section  of  this  cable  is 
rectangular  (flat)  and  the  components  are  equally 
spaced  and  vertically  centered  across  this  jacket 
material.  The  shield  is  the  braid  design,  which  is 
normally  found  on  round-wire  cable  components.  A 
cable  will  consist  of  two  or  more  of  the  above  com- 
ponents in  the  jacket.  The  conductor  strands  are  size 
AWG  *50  wires  (0.  001 -inch  diameter),  silver  coated 
(plated)  or  bare  copper  (no  coating),  bunched  in  groups 
of  64  or  66  to  form  a conductor  of  size  AWG  *32  in- 
sulated with  0.  003  to  0.  005-inch  wall  Teflon-TFE  or 
Teflon-FEP.  No  cable  component  has  more  than  one 
conductor  size  throughout. 

These  cables  are  not  described  in  government  or  in- 
dustrial documents  (specifications).  This  information 
is  available  only  from  vendor  literature. 

This  design  guide  containing  all  the  variables  that 
must  be  considered  and  which  are  interrelated  has 
been  developed  to  provide  a tool  for  planning  this 
kind  of  cable. 


A design  guide  (Table  1)  for  cable  planning  provides 
an  outline  approach  for  selection  of  cable  parts.  In- 
cluded in  this  list  are  the  number  of  conductors;  con- 
ductor size,  material  and  finish;  conductor  insula- 
tion; grouping  of  insulated  conductors  and  the  method 
of  shielding  they  may  need.  The  above  completes  the 
cable  plan  up  through  the  cable  component  stage. 

The  next  item  in  the  plan  is  the  component  configura- 
tion, which  may  be  considered  group  arrangement  for 
a flat  rectangular-type  cross-section  cable.  The 
final  cable  item  is  its  jacket. 

The  final  items  in  the  list  are  related  to  the  cable  as 
it  becomes  part  of  a cable  assembly.  These  are 
connector  and  method  of  termination  of  the  conductor, 
bend  radius  control,  encapsulating  or  potting  mater- 
ial and  size  of  this  section,  and  any  special  require- 
ments for  the  cable  or  cable  assembly. 

TABLE  1 


CABLE  PLANNING  GUIDE  LIST 


BASIC  CABLE  PART 

Number  of  Conductors 

Conductor 

Size 

No.  of 

AWG 

Strands 

30 

7 

19 

25 

32 

7 

19 

64 

34 

7 

19 

36 

7 

25 

38 

7 

Material 

Copper,  ETP 
Copper,  OFHC 
Copper,  Alloy 

Finish  (Plating  on  Strands) 

None 

Silver 

Tin 

Insulation  (Primary) 

TFE  - (Teflon) 
FEP  - (Teflon) 
ETFE  - (Tefzel) 
PVF2  - (Kynar) 
Other 
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TABLE  1 CONCLUDED 


TABLE  2 


CABLE  COMPONENTS 
Grouping  of  Insulated  Conductor. 

Single 

Pair 

Triple 

Quad 

Other 

Shielding 

Braid 

Serve 

Metallized  Plastic  (with  Drain  Wire) 
CONFIGURATION 

Flat  (Rectangular) 

Round 

Other 

Group  Arrangement 
JACKET 

Material 

FEP  - (Teflon) 

TFE  - (Tenon) 

Polyurethane /Silicone 
Other 

CABLE  ASSEMBLY 

Special  Requirements 
Connector  and  Cable  Termination 

Bend  Radius  Control 
Encapsulation  Material 


CABLE  HANDLING 


Basic  Cable  Part 

By  using  the  guide  list  it  is  possible  to  review  the  op- 
tions that  are  available  for  the  cable  build.  This  list 
is  helpful  when  establishing  the  kind  of  cable  a partic- 
ular application  will  need. 

Number  of  Conductors 

The  first  item  to  consider  is  how  many  conductors  the 
cable  will  have.  If  an  exact  number  is  not  known,  a 
close  approximation  will  start  the  cable  construction 
plan. 

Conductor  Size 

Since  most  cables  have  stranded  conductors,  the  size 
or  sizes  of  conductor  in  the  cable  is  the  next  item  to 
consider.  After  the  size  has  been  selected,  the  num- 
ber of  strands  that  are  available  for  the  particular 
size  can  be  selected.  Conductor  size  and  number  of 
strands  used  are  often  variables  subject  to  many 
outside  influences  in  actual  practice.  For  example, 
if  a conductor  size,  AWG  #32,  with  19  wires  of  AWG 
#44  Is  selected  but  later  it  is  found  that  the  cable 
vendor  to  be  selected  normally  works  only  with  AWG 
#32  conductor  with  seven  wires  of  AWG  #40,  a change 
to  fewer  strands  might  be  in  order  to  avoid  a situa- 
tion'where  the  vendor  would  be  working  with  an  un- 
known as  far  as  his  experience  is  concerned.  Table  2 
lists  the  possible  lead-wire  options;  for  comparison, 
Table  3 lists  standard  lead-wire  options. 


FINE-WIRE  CABLE  SIZE 


Conductor 

Strand 

AWG 

Diameter 
(in. ) 

Number 

AWG 

Diameter 

(in.) 

30 

0.0120 

7 

38 

0.0040 

19 

42 

0.0025 

25 

44 

0. 0020 

32 

0. 0093 

7 

40 

0. 0031 

19 

44 

64 

50 

0.  0010 

34 

0.  0075 

7 

42 

19 

46 

0.  0016 

36 

0,  0060 

7 

44 

25 

50 

36 

0.  0042 

7 

46 

TABLE  3 


STANDARD  LEAD- WIRE  CABLE  SIZE 


Conductor 

Strand 

AWG 

Diameter 
(in. ) 

Number 

AWG 

Diameter 
(in.  ) 

18 

0.  0480 

7 

26 

0.  0159 

19 

30 

0.  0100 

20 

0.  0380 

7 

28 

0.  0126 

19 

32 

0. 0080 

22 

0.  0300 

7 

30 

19 

34 

0. 0063 

24 

0.  0240 

7 

32 

19 

36 

0.0050 

26 

0.  0190 

7 

34 

19 

38 

0. 0040 

28 

0.  0150 

7 

36 

30 

0.  0120 

7 

38 

Conductor  Material 

The  most  common  material  used  for  conductor  wires 
is  copper  electrolytic  tough  pitch  (ETP).  The  wire- 
wrap  wire  industry  uses  the  copper-OFHC  (oxygen- 
free  high  conductivity)  for  its  single-strand  conductor 
because  it  has  a higher  degree  of  ductility  than 
copper- ETP.  For  other  higher- strength  applications, 
a copper  alloy  material  may  have  to  be  considered 
for  conductor  wires  hut  availability  could  be  a prob- 
lem if  the  wire  sizes  are  less  than  AWG  #40.  For 
example,  if  an  AWG  #36  conductor  is  selected  it  is 
possible  that  the  cable  application  may  require  the 
strength  of  a copper  alloy,  but  for  size  AWG  #36 
(seven  strands  of  AWG  #44)  the  wire  is  not  available. 
Since  it  may  not  be  possible  to  go  to  a larger-size 
conductor,  the  compromise  would  be  to  use  a conduc- 
tor with  hard  wire  instead  of  annealed  wire.  This 
change  could  raise  the  tensile  strength  value  from 
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32,  000  psi  to  over  40,000  psi  which  would  not  be  as 
high  as  that  of  copper  alloy  which  is  55,000  psi,  but  it 
would  offer  an  improvement  of  almost  25  percent. 
Selecting  a conductor  AWG  ^36  with  25  wires  of  AWG 
♦ 50  is  a way  to  obtain  a hard  wire  through  the  normal 
wire  drawing  operation. 

Conductor  Finish 

The  common  finishes  (plating)  on  conductor  wires  are 
tin  and  silver.  Nickel  and  gold  are  sometimes  used 
but  only  in  special  applications.  In  AWG  ^30  gage  or 
finer,  with  FEP-Teflon  insulation,  quite  often  no  plat- 
ing is  used,  only  the  bare  copper  wires.  The  guide 
list  has  three  finish  conditions  - none  (bare),  silver 
and  tin.  This  finish  can  depend  on  the  kind  of  conduc- 
tor primary  insulation  used.  If  a TFE-Teflon  is 
selected  for  the  conductor  insulation,  the  wire  finish 
will  be  silver  because  the  tin  will  not  take  the  process 
temperatures  that  are  required  for  sintering  the  TFE. 
Also,  if  a bare  copper  wire  conductor  is  used  with  the 
TFE-Teflon  insulation,  the  copper  wire  would  oxide 
enough  during  the  sintering  process  of  the  TFE  so  that 
soldering  of  the  completed  insulated  conductor  would 
be  very  difficult.  In  contrast  to  this,  the  FEP-Teflon 
will  work  with  any  of  the  three  finish  conditions:  none, 
silver  and  tin. 

Conductor  Insulation 

There  are  more  than  10  common  conductor  insulating 
systems  for  leadwlre  which  go  into  cables.  For  work 
with  fine  conductor  wires,  the  systems  have  been 
mainly  related  to  the  fluorocarbon  group.  The  con- 
ductor insulations  used  in  these  fine-wire  cables  have 
been  FEP  and  TFE  (both  Teflon  types).  Their 
temperature  ratings  are  200 °C  and  the  wall  thickness 
of  the  insulations  is  usually  in  the  range  of  0.  003  to 
0.  005  inch  (often  noted  as  3 to  5 mils)  for  those  ap- 
plications in  which  the  conductor  size  range  is  AWG 
♦30  to  AWG  438.  Two  other  fluorocarbon  insulations 
are  listed  in  the  guide  list,  ETFE  (Tefzel)  and  PVF2 
(Kynar).  Their  temperature  ratings  are  150°C  and 
130°C,  respectively.  Generally,  the  wall  thickness 
for  these  two  insulations  would  be  0.  005  inch  or  more. 
At  this  point  the  basic  building  block  of  the  cable  is 
complete--the  insulated  conductor. 

Cable  Components 

The  next  step  in  the  cable  plan  Is  to  determine  the 
number  of  single  conductors,  twisted  pairs,  twisted 
triples,  twisted  quads,  etc.  , that  are  needed  for  the 
completed  cable.  Also,  the  component  function  will 
determine  whether  or  not  it  is  to  be  shielded.  For 
example,  if  a cable  has  six  components  - two  singles, 
two  pairs  and  two  triples  - and  all  of  these  compo- 
nents need  shielding,  then  the  appropriate  checks  and 
numbers  would  be  entered  on  the  guide  list  form. 

The  space  geometry  in  which  the  cable  is  to  be  located 
determines  the  type  of  shield  used.  A served  shield 
only  requires  half  the  thickness  of  a braid  shield  for 
any  given  shield  wire  diameter.  A metallized  plastic 
(shield)  with  a drain  wire  requires  even  less 
thickness. 

T'he  shield  coverage  normally  varies  from  85  percent 
to  near  100  percent.  The  serve  and  metallized  plas- 
tic shields  approach  the  100  percent  coverage  while 
the  braid  shield  will  typically  have  85  to  90  percent 
coverage.  The  wire  size  of  the  braid  and  serve 
shields  for  the  cable  applications  in  this  discussion 
is  typically  AWG  ♦ 42 . The  finish  on  this  shield  wire 
Is  tin,  silver  and  gold  flash.  Normally,  the  length  of 
lay  (number  of  twists  per  inch)  for  a cable  component 
group  is  a function  of  the  total  diameter  of  the  conduc- 
tors in  the  cable  component,  but  if  the  cable  is  used 


in  a sharp  bend  application,  the  normal  length  of  lay 
will  need  to  be  shorter,  or  more  twists  per  inch,  and 
the  uniformity  of  these  twists  becomes  more  signifi- 
cant. 

Cable  Jacket 

The  configuration  of  the  group  or  groups  that  are  to  be 
jacketed  will  have  some  influence  on  the  geometry  of 
the  cross  section  of  the  jacket  and  this  may  determine 
whether  the  cable  can  be  flat  or  round.  For  example, 
a group  of  cable  components  such  as  two  shielded 
single  conductors,  two  shielded  twisted  pair  conduc- 
tors and  two  shielded  twisted  triple  conductors  may  be 
arranged  as  single,  pair,  triple,  triple,  pair,  and 
single  across  the  rectangular  cross  section  of  a flat 
cable.  These  arranged  components  could  be  then 
jacketed  with  silicone  rubber  or  polyurethane.  The 
silicone  rubber  jacket  material  will  be  more  flexible 
than  the  polyurethane  material.  The  typical  jacket 
thickness  is  0.  015  to  0.  020  inch  for  most  flexible-type 
flat  cables.  The  TFE  and  FEP  are  both  jacketed 
materials  that  can  be  used  for  flat  cable  constructions. 
The  FEP  is  used  more  often  for  jacketing  material 
than  the  TFE.  This  cable  may  be  dispensed  as  a bulk 
item  and  cut  to  needed  length  or  it  may  become  a 
component  in  a cable  assembly  or  assemblies. 


Cable  Assembly 

The  items,  special  requirements,  connector  and  cable 
termination,  bend  radius  control,  encapsulation  mate- 
rial which  is  at  the  connector-cable  interface,  are  all 
interrelated  and  need  to  be  examined  with  the  cable 
assembly  end  use  to  decide  which  one  or  ones  will  be 
compromised  for  the  benefit  of  the  particular  cable 
assembly  situation.  For  example,  special  require- 
ments, such  as  treatment  of  Teflon  insulation  for 
bonding  or  post  cure  of  silicone  rubber  for  off-gas 
improvement,  are  the  kind  of  requirements  that  influ- 
ence the  sequence  of  the  processing  which  involves 
cable  termination  into  a connector.  The  post- cure 
temperature  for  the  silicone  rubber  jacket  may  be 
such  that  the  jacket  will  need  to  be  post  cured  prior  to 
assembly  into  the  connector  because  the  temperature 
would  damage  the  solder  joints.  Even  an  item  such  as 
the  ability  to  rework  must  be  considered  in  the  selec- 
tion of  a potting  or  encapsulating  compound  for  the 
connector-cable  interface  (commonly  referred  to  as 
connector  back  potting). 

"the  cable  packaging  technique  can  influence  the  length 
of  potting  at  the  connector  cable  interface  because 
this  length  can  complicate  the  bend  radius  situation. 

In  compact  packaging  the  longer  connector  back  potting 
forces  bends  in  cables  that  exceed  90  degrees,  where 
the  shorter  length  tends  to  allow  bends  of  less  than  90 
degrees.  Keeping  the  cable  from  exceeding  the  bend 
radius  adds  to  the  life  of  the  cable  conductor  wires. 

See  Table  4 for  minimum  bend  radius  for  copper 
wires.  The  hardness  of  the  wire  Improves  the  bend 
radius  for  the  particular  size.  These  are  a few  areas 
that  need  documenting  as  the  cable  is  designed.  Also, 
these  items  need  monitoring  during  the  particular  de- 
vice build,  inspection,  and  testing  because  any  prob- 
lems developing  in  the  cabling  during  the  life  of  the 
device  will  need  as  much  baseline  data  as  possible  to 
aid  in  establishing  the  failure  modes  of  the  particular 
problem.  Radiography  (x-ray)  is  a useful  tool  for 
this  monitoring,  but  coot  always  becomes  a challenge 
for  this  kind  of  activity. 
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TABLE  4 


Conclusions 


TYPICAL  MINIMUM  BEND  RADIUS 


Size 

Condition 

AWG 

Diameter 

(in.) 

Annealed 

Hard 

50 

0.  0010 

0.  850 

0.  213 

44 

0.  0020 

1. 700 

0.  425 

36 

0.  0050 

4.  250 

1.  063 

32 

0.  0080 

6.  800 

1.  700 

30 

0.  0100 

8.  500 

2.  125 

The  minimum  bend  radius  for  copper  wire 
to  reach  yield  stress  is: 

R = Ed 
“min  2Sv 


R is  minimum  bend  radius 
min 

E is  Young's  modulus  = 17  x 10 
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A guide  system  is  an  adaptable  tool  for  planning  a 
cable.  The  guide  system  is  most  effective  when  it  is 
tailored  to  promote  the  size  (range)  cable  desired. 
Cabling  is  too  complex  to  attempt  to  have  an  all- 
inclusive  one  for  all  the  conductor  sizes  available. 
Throughout  this  discussion  on  using  the  guide  list, 
various  optional  parameters  in  this  kind  of  cable  con- 
struction are  explained.  In  summary,  users  of  finer 
wire  cable  (conductors  AWG  #30  or  smaller)  need  to 
be  prepared  to  modify  techniques  that  they  have  associ- 
ated with  larger  cable  because  the  two  are  different  in 
size,  strength  and  handling  characteristics. 
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d is  wire  diameter 

Sy  is  yield  stress 

Cable  Flex  Life  and  Flexibility 

Cable  flex  life  is  related  to  the  strength,  size  and  con- 
dition (temper)  of  the  material  in  the  conductor  strand. 
In  theory,  an  annealed  strand  of  a given  material  will 
have  a longer  fatigue  life  than  a strand  in  the  hard 
condition,  but  in  practice  the  hard  strand  will  restrict 
the  sharpness  of  bend  which  tends  to  result  in  a longer 
flex  life  for  the  cable.  Generally,  flex  life  is  in- 
creased by  use  of  a large  number  of  fine  (small) 
strands.  In  applications  requiring  a large  number  of 
flexes  during  the  life  of  the  cable,  the  bend  radius  of 
the  particular  conductor  size  in  relation  to  the  overall 
"assembly-cable  package"  is  more  important  than  the 
conductor  strand  condition  and  size.  For  more  detail 
on  the  size-bend  radius  relationship,  see  Table  4. 
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The  cable  flexibility  is  related  to  the  size  and  condi- 
tion (temper)  of  the  material  in  the  conductor  strand. 
For  the  most  cable  flexibility,  the  annealed  condition 
of  the  strand  is  desired.  If  flexibility  and  flex  life  are 
both  desired,  some  flexibility  may  need  to  be  traded 
for  the  added  flex  life  by  increasing  the  hardness  of 
the  conductor  strand. 


Cable  Handling 

In  larger  cables,  cable  handling  during  assembly, 
inspection  and  testing  of  any  particular  device  is  a 
parameter  that  normally  does  not  cause  much  con- 
cern, but  cables  with  conductors  in  sizes  AWG  #30 
or  smaller  need  more  surveillance.  Handling  is  a 
parameter  that  requires  more  attention  as  cables  be- 
come smaller.  If  a failure  does  occur  In  a cable 
assembly  with  these  smaller  conductors,  the  normal 
failure  analysis  techniques  are  unsuitable  because 
procedures  for  examining  failed  hardware  packages 
containing  these  cables  frequently  are  the  cause  of 
new  failures  in  these  delicate  systems.  In  general, 
mechanical  stripping  techniques  for  failure  analysis 
of  this  size  cable  are  not  recommended. 
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ABSTRACT 

This  paper  describes  the  development  to  produce 
larger  (100  pair)  Units  with  low  capacitance  unbal- 
ance, maintaining  a "layer-type  construction  and 
"uni-directional"  flexibility.  * 

It  is  shown  that  capacitance  unbalance  between 
adjacent  pairs  can  be  expressed,  for  design  purposes, 
by  the  equation  - 

UNBALANCE  (RMS)  pF/500  m = 

Kl  x Longer  Lay  -f  K2  x F ♦ K3 

where  F is  a function  of  the  two  twist  lengths  under 
.deration  , ■ • Kj  are  constants,  axtd  can  be 

obtained  from  statistical  analysis  of  normal  pro- 
duc  t ion. 

Using  a lay-scheme  :ased  on  this  equation,  367.  of 
the  MAXIMA  (highest  unbalance  of  each  one  of  the 
100  pairs  to  any  other  pair  in  a Unit)  occurs 
between  pairs  in  different  layers  and  is  a function 
of  the  direct  capacitance  between  the  wires  of  the 
pairs  involved.  A technique  is,  therefore,  develop- 
ed to  reduce  the  direct  layer  to  layer  capacitance 
without  affecting  the  "uni-directional"  construct- 
ion of  the  Unit. 


INTRODUCTION 

In  any  communication  cable  network,  symmetric  pair 
cables  comprise  a most  significant  component  of 
all  installations.  The  designs  adopted  for  these 
have  evolved  over  many  years,  from  an  interaction 
between  manufacturing  techniques,  transmission 
performance  requirements,  materials  technology, 
costs  and  associated  line-equipment  developments. 

As  the  requirements  for  information  flow  increases, 
new  types  of  cables  may  be  developed,  but  the 
large  investment  in  existing  plant  demands  a 
higher  utilisation  of  it  by  extending  the  frequency 
range  transmitted  and,  in  consequence,  a continuous 
re-appraisal  of  the  manufacturing  technique  is  nec- 
essary to  facilitate  longer  term  exploitation  with- 
out incurring  re-equipment. 


AUSTRALIAN  BACKGROUND. 

Symmetric  pair  cables  most  commonly  used  are  either 
of  quad  or  of  twin  construction,  the  type  depending 
on  tradition,  environment  and  of  individual  Tele- 
communication Authorities  forward  planning  activit- 
ies, which  takes  into  account  the  economic  eval- 
uation of  all  aspects  constituting  the  totality  of 


ages  of  either  quad-layer  or  unit-twin  type  cables. 

An  efficient  and  quality  conscious  manufacturer, 
with  strong  Technical  and  Design  expertise,  can 
accommodate  either  system  and  will  be  instrumental 
in  introducing  techniques  which  will  enhance  the 
transmission  properties  for  higher  utilisation. 

Telecom  Australia  has  made  a choice  of  Unit-twin 
construction.  This  decision  was  based  on  a com- 
parison of  costs  related  to  diametric  gains  and 
field-balancing  penalties  of  quads  versus  cross- 
talk standard  obtainable  with  random  jointing  within 
units  without  additional  balancing  of  twins.  It 
was  considered  that  Unit  construction  will  give 
added  potential  for  high-frequency  operation,  by 
allowing  the  separation  of  go  and  return  circuits 
into  well  defined  segments  of  the  same  cable. 

DEVELOPMENTS  IN  UNIT  CONSTRUCTION. 

The  original  Unit  construction  consisted  of  cables 
made  up  from  51  and  102  pair  Units  employing  four 
main  lays  (twist-lengths)  in  each  Unit;  two 
alternating  in  the  odd  layers  and  the  other  two  in 
the  even  layers.  It  can  be  looked  at  as  being  a 
2 by  2 matrix  and  is  often  referred  to  as  such. 

It  is  obviously  a simple  construction  but  the 
economics,  which  can  be  introduced  by  faster  and 
more  modern  lay-up  techniques  (e.g.  bunching),  tend 
to  destroy  the  Capacitance  Unbalance  characteristics, 
since  any  movement  in  the  relative  position  of  any 
pair  would  bring  pairs  of  identical  nominal  lay  into 
immediate  adjacency.  To  reduce  the  chances  of  this 
happening,  the  construction  has  been  revised  to  con- 
tain a 3 x 3 matrix  of  lay-combinations,  i.e.,  each 
layer  contains  three  different  lays  alternating  and 
the  same  lays  will  re-occur  in  every  third  layer 
only.  The  necessity  of  a "Marker-pair"  in  each 
layer  for  pair  identification,  and  the  variation  of 
number  of  pairs  in  the  layers,  has  lead  to  the  event- 
ual requirement  of  these  being  of  different  lay 
lengths  and  to  an  actual  4x3  matrix.  Cross-talk 
objectives  have  also  lead  to  the  reduction  of  the 
maximum  value  of  capacitance  unbalance  which  is 
allowed  in  any  Unit,  and  the  present  limits  (max.) 
are : 

150  pF/500  metres  for  19  AWG  (20  lb  or  .9  mm  ) 

190  pF/500  metres  for  22  AWG  (10  lb  or  .64mm  ) 

230  pF/500  metres  for  26  AWG  ( 4 lb  or  ,4mm  ) 


There  is  also  an  additional  requirement,  which  states 
that  the  RMS  value  of  all  significant  combinations  of 
Pair  to  Pair  Unbalances  should  be  less  than  207.  of 
the  maximum  specified  value. 
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REALISATION  OF  REQUIREMENTS. 

Traditionally  it  was  accepted  that  (until  the 
advent  of  computerised  testing)  unbalances  which 
may  give  concern  occur  within  a layer  between 
irunediately  adjacent  pairs.  If  these  were  kept 
under  control  the  cable  was  deemed  to  be  acceptable 
and,  with  manual  testing,  the  one  hundred  such 
combinations  were  tested  only  in  a 100  pair  Unit. 

As  the  specification  requires  the  layers  to  be 
separated  by  a binder,  and  since  the  distance 
between  the  cabling  points  of  each  layer  is 
defined  by  the  unitising  machine  used,  certain 
pairs  in  adjacent  layers  remain  close  to  each 
other  throughout  the  Unit  length. 

A typical  configuration  is  given  in  Figure  1. 


It  was,  therefore,  realised  that  at  least  nine  of  the 
lays  (taking  the  "marker-lays"  as  less  significant 
from  the  frequency  distribution  of  combinations) 
have  to  be  selected  to  be  completely  compatible 
with  each  other  to  avoid  the  occurrence  of  inad- 
missible unbalance.  This  represents  thirtysix 
(36)  possible  lay  combinations  and,  if  the  marker 
pairs  are  also  treated  in  the  same  way,  the  number 
of  combinations  to  be  analysed  rises  to  sixtysix. 

The  frequency  of  combinations  occurring  in  a 100 
pair  Unit  is  given  in  Figure  2,  which  is  restricted 
to  "significant"  combinations  only,  i.e.,  to  those 
which  can  be  immediately  adjacent  with  conventional 
unitising  techniques. 

ESTABLISHMENT  OF  LAY-SELECTION 

Using  data  generated  on  previous  production,  a task 
was  set  to  establish  the  relationship  between  two 
twin  lays  and  the  resulting  Pair  to  Pair  capacitance 
unbalance  performance.  It  was  found  that,  for  any 


combination,  a normal  distribution  did  exist  when 
those  were  separated  according  to  twinning  machine 
type  s used.  It  was  assumed  that  the  factors  which 
may  influence  the  end  result  will  be  determined  by: 

a)  The  length  of  lay 

b)  The  difference  between  the  lays 

c)  The  type  of  machine  used 

In  accordance  with  these  logical  assumptions,  an 
equation  of  the  form  - 

Unbalance  (RMS)  pF/500  m = 

Kj  x longer  lay  + Kj  x F + K3 

was  proposed,  where  F is  a function  of  the  two  twist 
lengths  under  consideration  and  Ki  to  K3  are  constants 
to  be  determined  by  statistical  analysis  of  normal 
production.  The  formula  is  an  interaction  of  vari- 
ables and,  in  establishing  the  constants,  the  work 
was  modelled  on  a mathematical  treatment  of  several 
variances.  ^ 

The  proposed  formuLa  has  given  a satisfactory  agree- 
ment with  practical  results  (within  * 3 pF)  and  lead 
to  the  following  conclusions: 

(i)  The  validity  is  limited  to  the  lay-range  of 
approximately  2 to  6 inches.  (50  to  150  mm) 

(ii)  Ki  is  positive,  but  is  also  a function  of  the 
conductor  gauge;  heavier  conductors  can  tol- 
erate a longer  lay. 

(iii)  K2  and  K3  are  negative  and  complimentary. 

If  K2  is  large,  K3  is  small,  and  vice  versa, 
and  are  really  a measure  of  lay-consistency. 
With  machines  providing  a consistent  lay,  the 
lay-difference  is  very  significant  (K2  is 
large),  whilst  a large  K3  indicates  uncon- 
trolled variations  and,  from  the  design  point 
of  view,  is  less  desirable  - "Rogues"  are  more 
likely  to  occur. 
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FURTHER  DEVELOPMENTS. 


With  the  aid  of  the  established  relationship, 
appropriate  lay-scheraes  were  designed  for  use,  and 
have  given  very  satisfactory  results  for  26  and  22 
AWG  cables.  The  number  of  high  performance 
combinations  required  for  19  AWG  was  just  not 
available  within  the  lay-ranges  obtainable  and  a 
certain  amount  of  grading,  according  to  the  fre- 
quency distribution  of  occurrence,  was  necessary 
to  reduce  the  chances  of  high  Pair  to  Pair  unbalance. 


Computer-controlled  testing  has  provided  the 
facility  to  more  c'.osely  examine  all  significant 
unbalances.  An  analysis  revealed  that  367.  of 
the  maxima,  i.e.,  the  maximum  unbalance  of  each 
individual  pair  to  any  other  pair  in  the  Unit 
(100  values  for  a 100  pair  Unit)  did  occur  between 
pairs  in  adjacent  layers  and  not  within  a layer. 

This  analysis  has  also  established  an  additional 
relationship,  which  connects  the  maximum  unbalance 
obtained  for  any  combination  with  that  of  the 
direct  capacitance  between  the  wires  of  the  pairs 
under  examination.  (Figure  3) 


ns  3 MAX  UNBALANCE  AS  A FUNCTION  OF  DWECT  CAPACITANCE 
(FOR  THE  LAY-SCHEME  ADOPTED) 


The  direct  capacitance  distribution  between  a pair 
in  one  layer  against  the  pairs  in  the  adjacent 
layer  immediately  above  it,  has  been  plotted  in 
Figure  4 (Curve  A). 


When  the  results  of  these  two  are  compared,  it  is 
evident  that  a significant  reduction  of  the  possible 
maximum  values  between  pairs  in  adjacent  layers  can 
be  accomplished  if  the  peaks  are  eliminated  or, 
at  least,  diminished. 


A periodic  limited  displacement  of  every  second 
layer  is  within  the  plant  capability,  without 
affecting  the  essentially  uni-directional  nature 
of  unitisation  to  maintain  the  flexibility  required 
at  the  later  process  of  combining  the  Units  into  a 
single  cable.  Its  effect  on  direct  capacitances 
between  the  pairs  in  different  layers  is,  however, 
appreciable,  as  shown  by  'Curve  B'  in  Figure  4. 

The  three  worst  values  are  reduced  and  the  maximum 
reduction  amounts  to  a 407.  better  unbalance  for 
the  formerly  critical  combination. 

There  is  a penalty  to  be  paid,  as  about  four 
previously  low  direct  capacitances  are  now  increased, 
but  the  increase  still  places  these  combinations 
into  a 507.  cell  at  the  worst,  which  should  be  quite 
acceptable.  This  process  of  'improvement*  is 
accorded  to  every  single  pair  in  its  layer  to  layer 
situation,  hence  the  overall  benefit  is  very  signi- 
ficant. 

An  optimisation  of  the  lay-scheme  is  now  possible, 
and  the  number  of  combinations  with  primary 
importance  is  reduced  to  nine  (three  in  each  layer), 
with  some  added  emphasis  on  particular  "marker" 
lays,  as  indicated  in  Figure  2. 

The  treatment  of  the  other  combinations,  using  the 
formula  established,  is  still  necessary  but  some 
relaxation  in  the  required  RMS  value  is  permissible, 
due  to  the  reduction  of  the  direct  capacitances 
occurring. 


PIG  * DIRECT  capacitance  DISTRIBUTION 
BETWEEN  ADJACENT  LAYERS 


The  results  obtained  for  cables  using  this  design 
and  method  on  routine  production  Is  shown  In  Figure 
5.  For  cables  using  either  19  or  26  AWG  conductors, 
the  curves  are  Inseparable  on  the  graph.  However, 

It  must  be  mentioned  that  the  Twinning  machines 
used  for  26  AWG  cables  are  of  simple  design  and 
least  costly.  On  more  sophisticated  machines, 
the  effect  of  conductor  gauge  is  clearly  Indicated 
as  the  lay-schemes  used  are  Identical.  Curves 
A.  and  C.  represent  ail  combinations,  whilst  B.  and 
D.  are  restricted  to  "significant  combinations"  only. 
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FIG  5 DISTRIBUTION  OF  CAPACITANCE 
UNBALANCE  (FINAL  DESIGN) 


HIGH  FREQUENCY  PENETRATION 
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Cable  characterisation  tests  are  an  on-going  pro- 
gramme, in  step  with  development  of  transmission 
techniques.  Cross-talk  measurements  at  780  KHz 
on  this  design  have  given  an  average  value  of 
better  than  80  db.  between  ad jacent  layers. 
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A STATISTICAL  MODEL  FOR  CALCULATION  OF  CROSSTALK 


IN  A BALANCED  PAIR  CABLE 
by 
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SUMMARY 

Previous  calculations  of  crosstalk  in 
balanced  pair  cables  predict  much  better  cross- 
talk performance  than  measured  in  practical 
cables.  It  is  generally  assumed  that  the 
difference  is  due  to  production  tolerances  and 
cabling  effects.  In  order  to  take  unavoidable 
production  tolerances  into  account,  a statis- 
tical model  is  used  for  crosstalk  calculations. 
Thus  it  is  possible  to  optimize  crosstalk  per- 
formance in  a cable  having  realistic  deviat- 
ions from  ideal  geometry. 

The  coupling  functions  between  the  trans- 
mission lines  in  the  cable  are  calculated, 
assuming  ideal  geometry  and  TEM-propagation  of 
waves,  and  the  coupling  functions  are  ex- 
pressed as  generalized  Fourier  series.  The 
deviations  from  ideal  geometry  produce  angle- 
and  amplitude  modulation  of  each  term  in  the 
Fourier  series.  Assuming  that  the  deviations 
are  stationary,  stochastic  processes,  cross- 
talk in  practical  cables  can  be  calculated  by 
means  of  methods  used  in  modulation  theory. 

The  model  has  been  tested  on  a cable 
containing  4 starquads,  and  calculated  values 
of  near  end  and  far  end  crosstalk  is  in  accor- 
dance with  measurements  for  all  pair  com- 
binations in  the  cable.  By  means  of  the  model 
it  is  possible  to  find  optimum  twist  periods 
in  practical  cables. 

1.  INTRODUCTION 


The  Norwegian  Telecommunication  Admini- 
stration has  seen  a need  for  using  balanced 
pair  cables  in  3rd  order  PCM-systems  and 
is  developing  new  cables  for  this  type  of 
broadband  use.  A considerable  crosstalk  im- 
provement is  needed  and  in  order  to  reach  this 
aim  a more  realistic  and  accurate  crosstalk 
model  is  needed.  A better  crosstalk  model 
will  also  be  important  for  use  in  system  de- 
sign . 


The  behaviour  of  crosstalk  is  quite  ran- 
dom, thus  a statistical  model  will  be  suitable. 
Previously  a statistical  model  has  been  re- 
ported by  Cravis  and  Crater  [1],  but  this  one 
does  not  relate  crosstalk  to  geometrical  para- 
meters and  is  restricted  to  frequencies  below 
10  MHz.  In  order  to  improve  cables  we  have 
found  it  important  to  look  into  cable  geometry 
and  extend  the  frequency  range  at  least  up  to 
30  MHz.  This  paper  gives  the  theoretical 
development  of  a statistical  model  which  is 
based  upon  the  results  of  Cravis  and  Crater 
(1].  The  model  starts  from  statistical  devi- 
ations from  ideal  geometry  and  calculates 
capacitance  unbalances  and  far  end  and  near 
end  crosstalk  at  higher  frequencies.  Three 


different  contributions  to  far  end  crosstalk 
are  considered;  direct  far  end  crosstalk,  re- 
flected near  end  crosstalk  and  double  near  end 
crosstalk  via  tertiary  circuits.  The  model  is 
verified  for  one  specific  type  of  cable. 

2 . COUPLING  FUNCTIONS  BETWEEN  TRANSMISSION 
LINES 


The  number  of  independent  transmission  lines 
in  a balanced  pair  cable  is  equal  to  the 
number  of  conductors.  Usually  only  one  half 
of  the  transmission  lines  are  used  for  signal 
transmission,  but  phantom  circui-ts  as  well  as 
longitudinal  circuits  contribute  to  crosstalk. 
Assuming  lossless  conductors,  homogeneous  di- 
electric constant  and  TEM  propagation  of  waves 
the  coupling  coefficient  between  two  trans- 
mission lines  Is  defined  by  W. Klein  [2]: 
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iik  j mutual  inductance  per  unit  length. 
L^Lj  inductance  of  each  line. 

K . elements  in  the  inverse  capacitance 
13  matrix. 


The  coupling  functions  are  found  by  solving 
Laplace'  equation  for  the  cross  section  of  the 
cable.  We  use  a method  given  by  H. Singer  et. 
al . [3]  which  simulates  the  surface  charge  on 
each  conductor  by  concentrated  line  charges 
inside  each  conductor. 

The  geometry  of  the  cable  is  first  as- 
sumed to  be  ideal.  Deviations  are  taken  into 
account  in  later  chapters.  We  assume  cir- 
cular conductors,  constant  twist  periods  and 
constant  distances  between  quads  (pairs) . In 
this  case  the  variations  of  the  coupling 
functions  along  the  cable  are  given  by  Fourier 
series  in  the  form: 

N 

k(x)  = I^cisin(sFix+^io)  (2) 

The  twist  frequencies  of  each  pair  is 
defined  by  si=2w/pi  rad/m  where  p.  is  the 
twist  period.  Ther requencies  s_.  of  each 
term  in  (2)  are  linear  combinati&ns  of  all 
twist  frequencies  in  the  cable. 

For  instance,  the  dominatina  terms  in  the 
coupling  between  pair  1 and  pair  2 have  the 
following  frequencies: 

sFl  = S1  ' s2 
SF2  = S1  + s2 


F 3 
3F4 
SF5 


S1  + 3s2 
3 s s2 

3s^+3s., 


(3) 


The  coefficients  c^  can  be  calculated  by 
means  of  the  Fast  Fourier  Transform. 


3.  REFLECTIONS  WITHIN  A PAIR  DUE  TO 
IMPEDANCE  IRREGULARITIES 


quencies  Sp^(x)  will  be  functions  along  the 
cable.  All  types  of  deviations  will  produce 
either  angle  or  amplitude  modulation  of  each 
term  in  the  Fourier  series.  Variations  in 
distance  between  pairs  give  amplitude  modu- 
lation of  each  term.  Deviations  from  ideal 
twisting  produce  angle  modulation  of  each 
term,  and  this  effect  is  treated  as  phase 
modulation.  One  term  in  the  Fourier  series 
can  be  written 


The  characteristic  impedance  of  a bal- 
anced pair  will  have  small  harmonic  variat- 
ions due  to  twisting  of  the  pair.  Assuming 
ideal  geometry  the  impedance  of  a pair  can  be 
expressed  as  Fourier  series  in  the  same  way  as 
the  coupling  functions.  The  most  significant 
term  is  the  second  harmonic  of  the  twist  fre- 
quency of  the  pair  s^: 

Z = z0d+c2  sin2six)  (4) 


ic  A ( x ) = c ( x)  sin(  sx+ip  (x)  ) (7) 

ip(x)  is  the  angle  deviation  from  ideal 
twisting,  and  it  is  a linear  combination  of  the 
angle  deviations  in  each  pair  of  the  cable. 

The  quantities  ip(x)  and  cp(x+x)  in  two 
adjacent  positions  in  the  cable  will  be  stron- 
gly correlated  because  of  the  mechanical 
stiffness  of  the  conductors.  The  sources  of 
deviations  in  different  parts  of  the  cable  are 
probably  independent.  The  average  twist  fre- 
quency of  a quad  (pair)  is  produced  within 
narrow  limits  by  the  cable  machine.  A mathe- 
matically convenient  description  which  makes 
use  of  this  limited  information  is  obtained  by 
assuming  ip(x)  to  be  a stationary,  zero  mean, 
stochastic  process  having  autocorrelation 
function : 

R(p(T)=<ip(x)(p(x+T)  >=o^exp(-  | T |/to)  (8) 


Fig.  1.  Reflections  due  to  impedance  variat- 
ions in  a pair. 

The  voltage  reflection  from  the  impe- 
dance variations  in  a short  piece  of  the  pair 
in  fig.  1 is  given  approximately  by 


(5) 


A differential  reflection  coefficient  is 
defined  by 

1 dVr 

pd(x)  * 33T  = c«sico»2si*  (6) 

By  integrating  this  coefficient  the  re- 
flected wave  may  be  estimated  in  a pair  having 
small,  continous  variations  in  characteristic 
impedance . 


If  <p(x)  is  small  and  c(x)  is  constant, 
(7)  can  be  expressed 

^(x)  » c(tp(x)cos  sx  + sin  sx)  (9) 

The  autocorrelation  function  of  is: 

R^x.y)  = <<i(x)  ic  i(y)  > 

2 2 
=c  R^(x-y)cos  sx  cos  sy+c  sin  sx  sin  sy 

(10) 

The  last  term  is  purely  deterministic 
and  [4]  and  [5]  show  that  this  term  contri- 
butes only  negligibly  to  crosstalk. 

The  assumption  that  ip(x)  is  small  can  be 
removed  if  <p(x)  is  Gaussian.  We  have  calcul- 
ated exact  expressions  for  R2(x,y)  in  this 
case,  but  the  expressions  are  a bit  compli- 
cated. If  a <1  the  following  formula  is  a 
suf f iciently**good  approximation: 


4 . DEVIATIONS  FROM  IDEAL  GEOMETRY 


2 2 

RJ(x,y)=c  R^lx-y) expf-a^  ) cos  sx  cos  sy  (11) 


Works  by  Strakhov  [4]  and  Holte  [5]  show 
that  near  end  crosstalk  attenuation  is  in  the 
order  of  magnitude  of  100  dB  at  1 MHz  in  a 
cable  having  ideal  geometry.  In  order  to  ob- 
tain a more  realistic  model,  random  deviations 
from  ideal  geometry  have  to  be  considered. 

Our  basic  assumption  is  that  the  Fourier 
series  expansion  (2)  of  the  coupling  coeffi- 
cients holds  even  if  the  geometrical  para- 
meters vary  along  the  cable.  This  is  strict- 
ly correct  only  for  very  slow  variations  of 
cable  geometry,  but  it  can  be  used  as  an 
approximation  for  the  practical  variations 
which  have  been  considered. 

Because  of  the  variations  in  geometry 
the  Fourier  coefficients  c^x)  and  the  fre- 


The  result  from  our  simple  approach 
above  is  only  changed  by  a constant  factor 

exP (~aip2>  • 

The  magnitudes  of  the  Fourier  coeffi- 
cients c(x)  are  functions  of  geometrical  dis- 
tances in  the  cross  section  of  the  cable.  For 
instance, the  distance  between  two  pairs  is 
denoted  d(x)  and  the  deviation  from  nominal 
geometry  is: 

A (x)  **  d (x)  - dQ  (12) 

Different  types  of  deviations  will 
probably  show  similar  statistical  behaviour. 
Thus  we  assume  &(x)  to  be  a stationary  sto- 
chastic process  having  autocorrelation 
function: 
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HA(X)  = 0A2  exp( - | t | /iQ)  (13) 

By  means  of  linearization  the  auto- 
correlation function  of  can  in  this  case 
be  expressed: 

2 

(x,y)  *<<i  (x)  ici(y)>=DA  R^  ( x-y ) cos  sx  cos  sy 
where 


p(  w)  ."N2'“fcs2J  R<x  ,y)  exp(-2,x-2,*y)dxdy  (191 


If  R(x,y)  is  given  by  (16),  the  inte- 
grals can  easily  be  solved.  The  result  is 
simplified  by  assuming  a,  B <<  s.,1/t  and 
l >>  1/a  which  will  usually  be  satisfied  in 
practical  cables. 

This  leads  to: 


The  derivatives  D.  are  easily  calcul- 
ated by  means  of  a small  pertubation  in  the 
computer  program  which  computes  Fourier  co- 
efficients from  ideal  cable  geometry. 

Deviations  from  90°  angle  between  pairs 
in  one  starquad  and  unsymmetrical  twisting 
axis  in  one  pair  can  be  treated  in  a manner 
similar  to  the  approach  described  for  vari- 
ations in  distance  between  pairs. 


p(w)  = 


4a(l+i  2s2) 
o 


This  shows  the  experienced  15  dB/decade 
variation  with  frequency  and  it  predicts 
correlation  between  capacitance  unbalance  and 
near  end  crosstalk  at  high  frequencies. 

7.  FAR  END  CROSSTALK 


5.  CAPACITANCE  UNBALANCE 

Capacitance  unbalance  between  two  pairs 
in  a cable  is  given  by 
l 


e = 4C . 
a d 


<(x)  dx 


C,  is  the  capacitance  of  each  pair.  Recall- 
ing the  results  from  Chapter  4,  we  assume 
that  <(x)  has  an  autocorrelation  function: 

2 

R(x,y)=c  exp(-|x-yt/tQ)cos  sx  cos  sy  (16) 

2 

The  mean  value  ea  over  an  ensemble  of 
different  cables  will  “be 

ll 

<ea2>=< 16Cd2j j< (x) k (y)  dxdy>  = 


R(x,y)  dxdy  = 


2 2 

16C,  o£l  T 
d o 

lts2t  2 
o 


In  PCM  systems  one  of  the  main  problems 
is  to  reduce  far  end  crosstalk,  but  the 
physical  mechanisms  which  produce  FEXT  are  yet 
not  fully  understood.  Most  earlier  works  con- 
sider only  direct  far  end  crosstalk.  We  have 
found  that  near  end  crosstalk  increases  35  dB/ 
decade  of  frequency,  and  thus  it  will  be  a 
dominating  contribution  to  FEXT  at  higher 
frequencies.  It  will  be  quite  important  to 
control  this  effect  in  order  to  produce  better 
balanced  pair  cables  for  broadband  use. 

For  TEM-waves  the  electrical  and 
magnetic  coupling  cancel  exactly  in  the  far 
end  direction.  In  practical  cables  finite 
skin  depth,  nonhomogenous  dielectric  constant 
and  twisting  of  pairs  cause  deviations  from 
orthogonality  between  electrical  and  magneti- 
cal  fields.  A residual  far  end  coupling 
function  is  assumed: 

Ky(x)  = kQ<(x)  (21) 


If  the  Fourier  series  contain  more 
than  one  significant  term,  the  different 
terms  are  assumed  tc  be  statistically  inde- 
pendent. In  this  case  equation  (17)  turns 
into  a sum. 

Equation  (17)  gives  the  experienced 
/i  relationship  between  capacitance  unbal- 
ance and  cable  length.  Usually  the  most 
critical  frequency  s is  the  difference  twist 
frequency  between  the  two  pairs.  The  ex- 
pression shows  that  it  is  important  to  keep 
the  twist  frequencies  well  separated. 

6.  NEAR  END  CROSSTALK 

Near  end  crosstalk  between  two  pairs 
for  frequencies  above  100  kHz  is  given 
approximately  by  Klein  [2]: 

t. 

N = jB  | K(x)  exp(-2yx)  dx  (18) 

o 

Mean  crosstalk  power  averaged  over  the 
same  pairs  in  different  cables  is  accordingly: 
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Fig.  2.  Direct  far  end  crosstalk. 

Direct  far  end  crosstalk  is  transmitted 
as  indicated  in  fig.  2 and  it  is  given  by: 
l 


Fd  " vff  = je  I *f(x)  dx 


Using  the  coupling  function  given  by 
(16),  the  mean  direct  far  end  crosstalk  power 
in  practical  cables  is  „ „ „ 

2 2 2ff  Wit 

qd(<*>)  = Fd  =k0  B R(x,y)dxdy=-2-5 5 — ° (23> 

11  Its  T 

oo  o 
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If  the  constant  kQ  is  independent  of 
frequency,  this  result  shows  the  experienced 
20  dB/decade  variation  with  frequency  and  the 
10  dB/decade  variation  with  cable  length. 


Fig.  3.  Reflected  near  end  crosstalk. 

Reflected  waves  in  one  pair  combined 
with  near  end  coupling  contribute  to 
far  end  crosstalk  as  indicated  in 
fig.  3.  The  differential  reflection  co- 
efficient will  according  to  chapters  3 and  4 
have  an  autocorrelation  function: 

Rp (x, y) =exp(- | x-y | /tq) -cos  s2x  cos  s2y  (24) 

s~  is  a twist  frequency.  Near  end 
crosstalk  coupling  is  given  by  (16). 

The  contribution  to  far  end  crosstalk 
is  accordning  to  fig.  3: 

lx 

Fr=  jB  JJpd<x)  <(y)  exp(-2y(x-y)  ) dxdy  (25) 

oo 

If  pd  and  k are  uncorrelated  the  mean  power 
is: 


Zo 


ii  ii 

y y*dy  x x*dx 


Fig.  4.  Double  near  end  crosstalk. 

The  most  important  term  in  the  Fourier 
series  expansion  of  coupling  between  a pair 
and  a longitudinal  circuit  is  usually 
the  mean  value  term.  According  to  Chapter  4 
the  coupling  functions  will  have  autocorrela- 
tion functions  of  the  following  type. 


VT>  = o12exp(-|x|/T0) 

(28) 

R2(t)  = °22exp(" 1 T l/To) 

(29) 

The  far  end  crosstalk  is  accordingly: 
lx 

Fn=B2||<1(x)  <2(y) exp(-(Y+Y2) (x-y) ) dxdy  (30) 
oo 


£ £ X.x, 


qr(w)=<Fr2>=B2j  j | | R(x,y)Rp(x,y) 


exp (-2y (x^-y^) ~2y* (Xj-y,) ) dy?dy1dx,dx 


(26) 


2 1 2 y 2 1 2 i 


Solving  the  integrals  under  the  assump- 
tions a,  B <<  s,1/to  yields: 


Mean  power  can  be  calculated  in  the  same 
way  as  ( 27) . 


2B4c  2-  2-  2 


1 °2  To  1 ,,  l-exP(-2(a+c2 


)£) 


a + a 


2 ( a + a2)  £ 


(31) 


Y,  = jB  + a2  is  the  propagation  factor  of  the 
longitudinal  circuit. 


62d2a,2T  2£ 

q ( w)  j-2 5 

4a(l+T0‘!si:)  (1+tozs22) 


(1 


1-e 


-4a£ 


4a£ 


(27) 


For  long  cables  the  last  paranthesis 
approaches  unity.  The  calculated  expression 
is  in  accordance  with  the  experienced  10  dB/ 
decade  variation  with  cable  length  for  long 
cables.  The  frequency  dependence  is  approxi- 
mately 15  dB/decade. 

Another  contribution  to  far  end  cross- 
talk is  double  near  end  crosstalk  via  longi- 
tudinal circuits  as  shown  in  fig.  4. 


This  effect  increases  35  dB/decade  with 
frequency . 

Measurements  and  calculations  show  that 
double  near  end  crosstalk  is  a dominating 
contribution  to  far  end  crosstalk  above  10  MHz. 

8.  VERIFICATION  OF  THE  MODEL 

The  stochastical  parameters  of  the  model 
can  be  found  in  different  ways.  One  method  is 
to  extract  them  from  mechanical  or  other  dir- 
ect measurements  like  Friesen  [6]. 

Ka  have  adjusted  the  stochastical  para- 
meters by  means  of  optimization  in  such  a way 
that  calculated  capacitance  unbalances  fit 
with  measurements  both  for  unbalances  between 
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pairs  and  between  a pair  and  earth.  The  ob- 
tained solution  is  not  unique  but  it  shows 
one  type  of  geometrical  deviations  that  will 
produce  the  observed  crosstalk.  This  method 
has  been  tested  using  a 0.9  mm,  PE-isolated 
balanced  pair  cable  containing  4 stjrquads. 
The  cable  is  filled  with  petrol  jelly,  and 
it  is  shown  in  fig.  5; 
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d) 


Fig.  5.  Cross  section  of  the  cable. 

The  average  capacitance  unbalances  ob- 
served in  a large  number  of  cables  can  be 
explained  by  the  following  deviations  from 
ideal  geometry: 

1)  The  deviation  from  ideal  twist  angle  (fig. 
6a)  has  a mean  square  value  a =15°  for  a 
twist  period  of  p=100  mm.  Thii  correlation 
length  tQ  equals  140  mm.  o is  proport- 
ional to  p in  each  quad.  v 

2)  The  quads  are  moving  tangentially  in  tht 
cable  as  indicated  in  fig.  6b.  This  dis- 
placement has  a mean  square  value  a. =9° 
and  a correlation  length  tQ=140  mm. 

Factors  1 and  2 dominate  the  unbalance 
between  pairs  in  different  quads. 

3)  The  angle  between  two  pairs  in  one  quad 
differs  from  90°  (fig.  6c)  with  a mean 
square  value  o =1.5°  and  correlation 
length  140  mm.q  This  is  the  main  contri- 
bution to  unbalance  between  pairs  in  the 
same  quad . 

4)  Unsymmetr ical  position  of  the  rotation 
axis  in  a pair  is  shown  in  fig.  6d.  The 
displacement  is  assumed  to  be  random  hav- 
ing a mean  square  displacement  a.  =4%  of 
the  distance  between  the  conductofs  for 
twist  period  p=100  mm.  o.  is  proportion- 
al to  p2  within  our  observations.  The 
correlation  length  is  assumed  t = 1 m. 
This  gives  the  major  contribution  to  the 
capacitance  unbalance  between  a pair  and 
earth. 


Fig.  6.  Different  types  of  deviations  from 
ideal  geometry. 

Near  end  and  far  end  crosstalk  have  been 
calculated  by  using  the  parameters  estimated 
from  capacitance  unbalances.  The  near  end 
crosstalk  between  pairs  in  different  quads  is 
averaged  over  4 frequencies,  4 pair  combinat- 
ions and  3 different  cables.  It  is  the  cross- 
talk power  that  is  averaged  and  all  measure- 
ments are  referenced  to  1 MHz. 

Significant  correlation  is  obtained 
between  the  model  and  the  measurements  as 
shown  in  fig.  7. 
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Fig. 7. Mean  values  of  measured  and  calculated 
near  end  crosstalk  at  1 MHz . 


The  model  gives  approximately  2 dB  poor- 
er near  end  crosstalk  than  calculated  for  all 
combinations  of  quads  except  one.  This  bias 
may  be  explained  by  the  fact  that  capacitance 
unbalances  and  crosstalk  have  been  measured  on 
two  different  production  series  of  the  cable. 
By  using  only  3 cables  the  crosstalk  measure- 
ments are  sensitive  to  a systematical  error  in 
one  of  the  cables,  and  we  expect  even  better 
correlation  if  measurements  are  performed  on 
many  cables. 

We  have  considered  three  possible 
sources  to  far  end  crosstalk.  Our  estimates 
indicate  that  k in  equation  (21)  is  less  than 
0.1  at  1 MHz  so°that  direct  far  and  crosstalk 
seems  not  to  be  dominating  above  this  fre- 
quency in  our  cable.  The  model  predicts  that 
reflected  near  end  crosstalk  is  the  dominating 
contribution  to  far  end  crosstalk  at  1 MHz. 
This  effect  is  underestimated  by  5.8  dB  in 
average,  but  when  this  bias  is  compensated  we 
get  the  following  correlation  between  calcul- 
ations and  measurements: 
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Fig.  8.  Mean  value  of  far  end  crosstalk 
at  1 MHz. 

At  higher  frequencies  double  near  end 
crosstalk  via  longitudinal  circuits  is 
dominating.  The  model  predicts  that  the 
coupling  between  a pair  and  the  longitudinal 
circuit  is  strong  if  both  are  in  the  same 
quad  and  weak  if  they  are  in  different  quads. 

There  is  strong  and  approximately  uni- 
form coupling  between  the  longitudinal  cir- 
cuits, so  that  the  coupling  factor  approach 
can  not  be  used  for  this  coupling.  The 
theory  of  uniformly  coupled  transmission 
lines  given  by  Rice  [7]  may  be  used,  but  we 
found  it  too  complicated  for  our  practical 
work.  Instead  we  assume  that  power  trans- 
mitted Into  one  longitudinal  circuit  almost 
immediately  is  divided  on  both  transmission 
directions  and  all  longitudinal  circuits. 

From  crosstalk  measurements  two 

empirical  factors  for  coupling  between  longi- 


tudinal circuits  have  been  calculated: 

kn  = - 9.7  dB  Adjacent  quads 
k^  = -11.9  dB  Separated  quads 
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Fig.  9.  Mean  values  of  far  end  crosstalk 
at  12  MHz. 

Fig.  9 shows  relatively  good  correla- 
tion between  the  model  and  measurements  at 
12  MHz. 


Fig.  10.  Frequency  variations  of  far  end 
crosstalk. 

The  calculated  average  frequency 
dependence  of  far  end  crosstalk  seems  to  co- 
incide with  our  measurements  as  shown  in  fig 
10.  The  two  contributions  to  far  end  cross- 
talk are  approximately  equal  at  6 MHz. 
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9 . OPTIMIZATION  OF  CROSSTALK  PERFORMANCE 

In  oar  model  all  unavoidable  production 
tolerances  are  taken  into  account  by  differ- 
ent empirical,  statistical  parameters.  The 
average  near  end  and  far  end  crosstalk 
is  a function  of  twist  periods  in  the  cable. 
Thus  crosstalk  performance  can  be  optimized 
with  respect  to  twist  periods  in  one  specific 
type  of  cable. 

A 10  dB  crosstalk  improvement  has  been 
predicted  for  our  type  of  cable  by  choosing 
shorter  and  essentially  different  twist 
periods.  The  improvement  has  not  yet  been 
verified. 

10.  CONCLUSION 

We  have  verified  a statistical  cross- 
talk model  which  relates  the  observed  cross- 
talk to  deviations  from  ideal  geometry  in 
balanced  pair  cables.  Only  one  type  of  cable 
has  been  used  and  the  model  predicts  that  far 
end  crosstalk  in  this  cable  is  dominated  by 
reflected  near  end  crosstalk  in  the  range 
1-6  MHz.  At  higher  frequencies  double  near 
end  crosstalk  is  dominating,  and  this  contri- 
bution is  found  to  increase  35  dB/decade  of 
frequency . 

The  model  shows  that  crosstalk  depends 
strongly  on  the  twist  periods,  and  in  prin- 
ciple it  is  possible  to  find  optimum  twist 
periods  in  a cable  having  experienced  devi- 
ations from  ideal  geometry. 

Another  aspect  of  calculating  the 
deviations  from  ideal  geometry  is  to  indi- 
cate whether  significant  crosstalk  improve- 
ment can  be  obtained  by  narrowing  production 
tolerances . 

After  som  refinement  of  the  model, 
it  promises  to  be  a helpful  tool  both  in 
improving  existing  cable  designs  and  for 
development  of  new  balanced  pair  cables. 
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CUSTOMIZED  CAS  FEEDER  PIPE 
for 

PRESSURIZING  AND  MONITORING  TELEPHONE  CABLE 


by 

M.  R.  Dembiak  and  W.  Purkert 
Western  Electric  Company 
Kearny,  N.  J. 


Background 

The  most  important  engineering  development  in  the 
past  three  decades  in  the  area  of  cable  sheath  design 
has  been  the  introduction  of  the  multiple  sheath  to 
replace  lead.  Stalpeth,  the  multiple  sheath  for 
pulp  insulated  cable,  is  still  essentially  the  same 
as  originally  developed  while  the  Alpeth  design  for 
plastic  insulation  has  had  numerous  modifications. 


STALPETH  DESIGN 


OUTER  POLYETHYLENE  SOLDERED  STEEL  PAPER  CORE 
SHEATH  SHEATH  WRAP 


FLOODING  FLAT  OR  CORRUGATED  INSULATED 
COMPOUND  ALUMINUM  SHIELD  CONDUCTORS 


Innovations  and  changes  solve  some  problems  but  in- 
variably create  or  magnify  others.  One  of  the  prob- 
lems which  accompanied  the  introduction  of  the 
multiple  sheath  was  moisture  permeation  which  even- 
tually caused  circuits  to  fail.  The  obvious  solu- 
tion was  to  pressurize  the  cables  with  dry  air  and 
while  this  presented  no  major  problems  for  cables 
within  a reasonable  distance  from  the  Central 
Office,  the  more  distant  runs  could  be  so  serviced 
only  if  a suitable  system  for  conveying  the  air 
could  be  devised.  The  initial  vehicle  was  polyethy- 
lene tubing  similar  to  garden  hose.  Since  this  was 
not  impervious  to  moisture,  the  water  which  permeated 
thru  the  polyethylene  was  being  fed  into  the  cable 
along  with  the  dry  air.  This,  therefore,  was  not  an 
effective  solution. 

Moisture  Diffusion 

In  the  early  1960's  a study  was  conducted  by  the  Bell 
Telephone  Laboratories  on  moisture  diffusion  through 
conventional  cable  9heath  concluded  that,  In  the 
aluminum  polyethylene  construction,  the  addition  of 
bonding  between  the  aluminum  and  polyethylene, 
leaving  the  overlap  not  bonded,  reduced  the  moisture 
diffusion  into  the  cable  core  by  a factor  of  18  to 
180  depending  on  the  diameter  of  the  cable. 


MOISTURE  DIFFUSION 

WGUIAH  SHI  ATM  BONDI  D SHEATH 


IMPROVEMENT  BY  BONDING  JACKET  TO  SH*ID 
X It  TO  X 110 

IMPROVEMENT  BY  BONDING  SHIELD  OVERLAP 
x ?M  TO  t M OOC 

Bonding  only  the  aluminum  overlap  so  that  the  only 
path  for  moisture  entry  i9  through  the  adhesive  layer 
in  the  overlap  reduces  moisture  diffusion  by  a factor 
of  2,000  to  30,000  as  the  overlap  varies  from  1/4"  to 
1/2"  length  and  the  adhesive  thickness  from  4 to  1 
mil. 

It  is  apparent  that  the  overlap  bonding  is  decisive 
in  providing  a highly  moisture  impervious  sheath. 
However,  circumferential  bonding  is  important  in  pro- 
viding improved  mechanical  performance,  corrosion 
protection  for  the  aluminum  and  insurance  against 
moisture  if  the  polyethylene  jacket  should  be  punc- 
tured or  failure  of  the  overlap  seal  should  occur. 

Based  on  this  study,  the  Bell  Telephone  Laboratories 
and  Western  Electric  jointly  applied  this  theory  to 
develop  the  basic  Gas  Feeder  Pipe  to  replace  the 
plastic  hose  system. 

Gas  Feeder  Pipe 

The  pipe,  after  several  transitions,  presently  con- 
sists of  4-mil  aluminum  tape  coated  on  both  sides 
with  a 2-mil  thick  adhesive  copolymer.  The  coated 
tape  is  longitudinally  formed  into  a tube  having  a 
1/4"  overlap  seam,  over  which  is  extruded  a 60-mil 
thick,  low  density,  high  molecular  weight  black  poly- 
ethylene jacket.  The  heat  transmitted  during  the  ex- 
trusion operation  bonds  the  aluminum  overlap  seam  and 
the  coated  metallic  tube  to  the  outer  jacket. 
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MOISTURE  IMPERVIOUS 
GAS  FEEDER  PIPE 


UNSOLDERED  MECHANICAL 
PROTECTED- PIPE 
UM  PIPE 


POLYETHYLENE  JACAE 1 


COATIO  ALUMINUM 
1UXS 


10*40(0 
OVtllA*  SEAM 


COATED  ALUMINUM 
BONDED  TO  JACK II 


POLYETHYLENE  JACKIT 
BONDED  TO  Slid 


S1ANDABD  PIP!  COMUGAUO  COATIO  Sllll  »ONO€C>  STKl 

CA-31JI  3-SlOCS  OVEtLAP 


In  order  to  maintain  an  adequate  seal  where  joints 
are  required  during  installation,  special  fittings 
were  designed.  This  necessitated  that  the  inside  and 
outside  dimensions  of  the  pipe  be  held  to  close  toler- 
ances. 

Furthermore,  to  insure  bonding  between  the  polyethy- 
lene and  aluminum,  the  finished  product  must  meet  a 
circumferential  pull  test  of  5.0  pounds  average  on  a 

0.5  inch  wide  strip.  Also,  each  length  is  shipped 
under  pressure(between  10-12  psi)  to  assure  the  cus- 
tomer that  the  pipe  is  not  damaged  in  transit  and 
the  length  is  leak-proof  as  received.  This  design 
solved  the  initial  need  since  it  provided  a moisture 
impervious  pipe  which  runs  alongside  the  placed 
cables  in  ducts,  acting  as  the  supply  route  for  dry 
air  from  the  Central  Office  to  the  cable  at  remote 
locations.  It  was  used  successfully  for  years  and  it 
is  estimated  that  by  the  end  of  1976,  some  150 
million  feet  will  have  been  installed. 

New  Designs 

As  the  technicians  and  field  engineers  become  more 
and  more  familiar  with  this  product  and  monitoring 
systems  become  more  sophisticated,  special  installa- 
tions, unique  applications,  improved  hardware  and 
field  facilities  required  customizing. 

To  satisfy  the  telephone  companies  specific  needs, 
the  Western  Electric  Company  developed  three  addi- 
tional designs,  namely  - ura-pipe,  multi  length  pipe 
and  pair  pipe. 

Urn- Pipe 

The  abbreviation  "urn"  is  a sheath  designation  which 
provides  unsoldered  mechanical  protection  for  pipe 
and  cable.  This  protection  consists  of  a 2-side 
coated  steel  tape,  corrugated  and  applied  longitu- 
dinally with  an  overlap,  about  the  pipe  core  and 
finally  another  polyethylene  jacket. 


The  design  specifications  are  as  follows: 

1.  Standard  Gas  Feeder  Pipe  Core  (Described) 

2.  Coated  Steel 

a.  0.006"  thick  steel  (tin,  terne  or  black  plate) 

b.  0.002"  thick  adhesive  copolymer 

3.  Polyethylene  Jacket  - 0.045"  thick  (nominal) 

4.  Finished  outside  diameter  - 1.00" 

5.  Bonding  specification  - same  as  for  coated 
aluminum  mentioned  previously. 

The  coated  steel , unlike  the  aluminum , presented  a 
problem  in  obtaining  an  adequate  bond  between  the 
coating  and  the  steel  substrate.  However,  with  the 
cooperation  of  the  Lamcote  Division  of  the  Arvey  Corp. 
in  Jersey  City,  New  Jersey,  an  adhesive  agent  was 
developed  which  met  the  bond  characteristic  required. 

This  um-pipe  is  primarily  installed  west  of  the 
Mississippi  where  gophers  are  prevalent  and  cables  are 
placed  directly  into  the  ground.  The  steel  in  this 
design  prevents  rodents  from  chewing  into  the  inner 
pipe,  thereby  eliminating  gas  leakage  as  experienced 
with  conventional  feeder  pipe.  Since  this  sheath  is 
considered  expendable  - it  is  not  pressurized  and  no 
special  fittings  are  required. 

Multi-Length  Pipe 

As  the  telephone  program  expanded,  the  number  of 
cables  installed  and  the  distance  from  the  Central 
Office  increased.  The  result  was  obvious  in  that  the 
single  pipe  feed  systems  could  not  maintain  the  re- 
quired air  pressure  at  the  end  of  the  run.  Accord- 
ingly, this  necessitated  placing  several  lengths  into 
the  same  duct  drawing  the  pipe  through  one  length  at 
a time.  Obviously  this  becomes  a very  costly  opera- 
tion. To  offset  this  problem,  the  crews  in  the  field 
attempted  to  simultaneously  place  up  to  eight  lengths 
of  pipe,  "paying"  them  off  individual  reels  at  the 
manhole  location.  This  presented  further  problems 
such  as: 

A.  Positioning  the  reels  at  the  particular  site. 

B.  Maintaining  adequate  tension  and  guiding. 

C.  Obtaining  exact  lengths  of  individual  pipe  from 
stock. 


After  b«lng  informed  of  this  situation,  Western 
Electric,  Kearny,  devised  its  second  pipe  variation 
called  multi-length  pipe.  This  combination  was 
initially  designed  for  the  Illinois  Bell  Telephone 
Company  and  is  essentially  a packaging  improvement 
in  which  two  to  four  feeder  pipes  are  combined  to- 
gether on  one  reel. 


The  system  consists  of  a Sparton  Southwest  5100  Series 
with  a master  console  for  monitoring  and  a dielectric 
communications  Model  24000  Air  Dryer,  all  located  in 
the  Central  Office.  The  system's  transducers  are  con- 
tained in  Sparton  Multiple  Assembly  Cannister  which 
permits  as  many  as  ten  transducers  to  be  connected  at 
the  manhole  in  one  splice. 


MULTI  - LENGTH 
GAS  FfEDff 


This  combination  of  two  to  four  permits  the  installer 
to  place  up  to  eight  lengths  simultaneously  from  a 
maximum  of  two  reels.  Also,  about  three  or  four 
times  as  much  air  pipe  (up  to  8,000  feet  per  day) 
can  be  placed  in  telephone  cable  ducts  resulting  in 
quicker,  more  efficient  installation. 

Therefore,  to  summarize  - the  pipe  system  method  of 
cable  pressurization  is  essentially  an  arrangement 
whereby  cable  pressures  are  reinforced  at  selected 
manholes  along  an  underground  cable  route  by  mani- 
folding the  individual  cables  to  a paralleling 
aluminum  lined  polyethylene  pipe,  which  carries 
pressurized  dry  air  from  the  air  dryer  in  the  Central 
Office.  The  resistance  of  the  pipe  is  so  low  that 
the  typical  drop  is  only  two  to  three  PSIG  at  a 
distance  of  several  miles  from  the  Central  Office. 

The  relatively  high  pipe  pressure  and  high  available 
air  flow  through  the  pipe  produces,  in  effect,  a dry 
air  source  (just  as  at  the  Central  Office)  at  each 
manifold  location. 

Monitoring  System 

Coupled  with  the  air  pressure  system  is  a monitoring 
network  which  uses  pressure  transducers  to  send  pres- 
sure readings  back  to  the  Central  Office  where  an 
automatic  monitoring  device  records  and  displays 
pressure  data  on  schedule  or  on  command.  The  re- 
cording devices  set-off  alarms  for  critical  readings 
and  generate  a punched  paper  tape  for  time-shared 
analysis  of  pressure  changes. 


Currently,  the  installers  are  utilizing  the  conductors 
in  the  Stalpeth  Cable  for  monitoring  purposes.  This 
practice  (a)  reduces  the  number  of  working  pairs  in 
the  cable  for  telephone  communication;  (b)  requires 
extensive  inside  and  outside  plant  documentation  to 
identify  the  pressure  transducer  network  as  it  is 
intermingled  with  the  subscriber  network;  (c)  requires 
that  the  construction  force  open  subscriber  cable 
splices  to  connect  transducers;  and  (d)  involves  con- 
siderable work  at  the  frame  to  segregate  transducer 
lines  and  bring  them  to  a common  location  for  con- 
nection to  a house  cable  leading  to  the  air  dryer  area. 

Pair  Pipe 

A more  direct  approach  was  needed  to  separate  the  two 
systems.  The  answer  to  this  was  a new  design  air 
pipe  developed  at  the  Kearny  Works  with  the  assistance 
of  Delaware's  Diamond  State  Telephone  Cable  Engineers. 

The  new  connector i zed  pipe  (Western  Electric  Designa- 
tion NCA-8000)  dubbed  "Pair  Pipe"  consists  of  a pipe 
core,  plastic  insulated  conductors,  plastic  core  wrap 
and  an  outer  sheath  of  corrugated  aluminum  bonded  to 
a black  polyethylene  jacket. 

CONDUCTORIZED  GAS  FEEDER  PIPE 
(PAIR  - PIPE) 


cope  wrap 

/ 


25  PAH  22  GA  PLASTIC  / 1*01*  JACKET 

INSUIATIO  CONDUCTORS  / / 


/ / 

STANDAR0  PiPt  COATED  COttuGATfD  ALUMINUM 


BONDED  TO  JACKET 

The  design  criteria  necessitated  the  foil  wing  speci- 
fications : 

1 . Standard  Pipe  Core 

2 . Conductor  Layer 

a.  25  Pr.  - 24  Ga.  plastic  insulated  conductors 

b.  The  twisted  pairs  to  be  applied  and  oscillated 
about  the  core,  360°  + 20°  over  and  back  In 

50  + 20  feet  in  the  same  sequence  as  that  of 
a similar  pair  size  cable. 

3.  Core  Wrap 

The  layer  of  conductors  to  be  covered  with  a 
longitudinal  serving  of  0.003"  thick  polyethylene 
terephthalate  (Mvlar*)  with  a minimum  3/8"  overlap. 
(♦Trademark  - DuPont  Company) 

4 . Aluminum  l.ayer 

Over  the  core  wrap  a longitudinal  wrap  of  two  side 
coated  (2  r;ii  1 thick  adhesive  copolymer)  aluminum 
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(0.006"  thick)  tape  with  a minimum  of  1/2"  over- 
lap and  electrically  continuous  In  every  length. 

5 . Finished  Jacket 

a.  The  polyethylene  Jacket  (0.075"  thick)  and 
aluminum  tape  be  firmly  and  continuously 
bonded  together  for  additional  mechanical 
strength. 

b.  The  outside  diameter  not  to  exceed  1.30  Inches 

6.  Electrical 

All  pairs  are  tested  to  guarantee  no  faults  due 
to  shorts,  opens  or  crosses,  plus  a core  to 
sheath  breakdown  test. 

7.  Pressure  Test 

Both  the  inner  pipe  core  and  the  outer  finished 
sheath  must  be  hole  free  and  maintain  the  re- 
quired PSI  average  pressure. 

The  25  pairs  of  conductors  along  with  the  inner  air 
pipe  will  handle  up  to  50  transducers. 


Acknowledgement 

The  authors  are  indebted  to  (1)  Mr.  G.  H.  Webster  of 
the  Bell  Telephone  Laboratories  for  his  cable  design 
assistance,  (2)  Mr.  J.  Paullch  of  the  Arvey  Corpora- 
tion for  his  assistance  in  developing  the  steel 
coating  application,  (3)  Messrs.  H.  E.  Gowdy  and 
J.  Pelegrini,  Western  Electric  Cable  Consultants  for 
their  assistance  in  the  introduction  of  Multi-Length 
and  "Pair-Pipe"  and  (4)  Messrs.  J.  F.  Finnegan, 

T.  B.  Reece  of  the  Diamond  State  Telephone  Company 
and  Howard  Rudolph,  Bell  of  Pennsylvania  whose 
knowledge  of  field  application  was  invaluable. 


M.  R.  Dembiak  is  a Senior  Development 
Engineer  with  18  years  of  Western 
Electric  experience  in  the  wire  and 
cable  field.  He  attended  Newark 
College  of  Engineering  and  has  parti- 
cipated in  numerous  Cable  Seminars 
and  Symposia  to  which  he  has  made 
significant  contributions.  He  holds 
ten  patents  and  has  several  pending. 


W.  Purkert  has  a Mechanical  Engi- 
neering Degree  from  Stevens 
Institute  and  a Masters  in  Business 
Administration  from  N.Y.U.  He  is  a 
licensed  Professional  Engineer  in 
New  Jersey  and  has  been  an  Engi- 
neering Department  Chief  at  Western 
Electric  for  19  years,  most  of  which 
has  been  in  the  development  and  manu- 
facture of  Exchange  Area  Cable. 


Splicing  of  this  combination  proved  to  be  very 
simple  - at  splice  locations,  the  amp-fit  connectors 
have  a central  tube  of  metal  that  fits  Into  the 
pair-pipe.  The  fittings  outer  tube  covers  the 
outside  plastic  pipe  and  finally  a metal  collar  is 
crimped  onto  place  over  each  end  of  the  connector 
with  the  special  reel  provided  by  AMP. 

Advantages  of  Pair  Pipe 

1.  Plastic  Insulated  pairs  are  fully  color-coded  to 
permit  easy  identification. 

2.  Eliminates  the  use  of  pairs,  either  working  or 
dedicated,  for  monitoring  gas  pressure. 

3.  Save3  the  operating  company  the  labor  involved 
in  opening  working  cables  to  get  the  pairs 
needed . 

4.  Avoids  the  troubles  and  record  keeping  which  is 
necessary  when  cable  pairs  are  used. 

5.  Keeps  the  air  monitoring  system  which  is  an  out- 
side plant  function  distinct  and  separate  from 
the  Central  Office  switching  system. 

In  conclusion,  the  data  presented  in  this  report 
shows  the  Importance  of  keeping  underground  cables 
dry  at  all  times  and  the  progress  made  to  update  the 
monitoring  and  pressurizing  systems  in  order  to 
obtain  this  end  result. 
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ALUMINUM  OXIDE  INTEGRATED  THIN  FILM  INSULATION  FOR  ALUMINUM  WIRE  Ain)  STRIP  CONDUCTOR.': 


Henry  Walker,  Director  of  Research,  Perma luster,  Inc.,  Burbank,  California 


A.-.'  :'R-,CT 


The  reasons  are  well  known  why  aluminum  is  used  as  a con- 
ductor in  the  electrical  and  electronic  fields  and  why 
Alo:'  with  a me 1 tin#  point  f 2050°  C.  is  used  as  an  in- 
sulation. This  concept  is  gaining  recognition  as  one  of 
t e basic  materials  for  various  applications.  Technical 
advancements  in  the  anodic  formation  of  the  aluminum  ox- 
ide lend  their  use  for  applications  in  electro-magnetic 
c ils.  Designers  of  such  devices  strive  to  achieve  field 
producing  coils  wit:  the  highest  rating  per  unit  cost, 
sire,  weight  and  energy  consumption.  The  improvement  in 
design  has  come  about  mainly  through  the  development  of 
superior  core  materials  and  fabricating  techniques*  Con- 
ductors eliminating  hot  spots,  thinner  insulation  with 
higher  dielectric  strength,  lower  dielectric  losses,  more 
compact  components  are  the  results  of  superior  mechanical 
design  also  improving  thermal  dissipation.  Lightweight 
coils  are  valuable  in  portable  end  airborne  equipment, 
missile  and  apace  vehicle  applications.  Reduced  component 
weight  allows  vital  additional  payload,  Superior  compo- 
nents can  be  achieved  when  aluminum  conductor  with  thin 
insulation  is  used  for  rotating  and  other  moving  windings, 
L wer  mass  results  ir.  lower  inertia,  thus  improving  per- 
formance ir.  aw  de  variety  of  equipment.  Rotary  equipment 
w: th  low  mas:  simplifies  dynamic  balancing  as  vibration 
from  dynamic  imbalance  is  reduced.  Greater  sensitivity 
r.i  respcr.r-e  in  moving  coil  applications  results  from  low- 
er mass;  this  is  characteristic  in  the  design  of  electron- 
ic instruments,  such  as  disk  drive  actuators  and  acousti- 
cal devices. 


I'i.r:.-:  n - nx^tc:-..- 

Compared  to  copper,  aluminum  with  A1  G_  insulation  oper- 
ates cooler  and  will  not  oxidire.  When  operating  in  tem- 
peratures of  above  100°  C.,  copper  will  form  an  invisible 
film  of  cuprous  oxide;  above  200°  C.  cuprous  and  cupric 
oxide  are  formed  readily  on  the  surface,  thus  reducing  the 
conductance  as  ultimately  severe  corrosion  occurs  and  e- 
ventually  the  conductor  is  rendered  useless.  Even  nickel 
coated  copper  is  subject  to  a galvanic  action  of  the  two 
metals.  In  a high  tempera time  operation,  migration  of  at- 
oms is  created. 

Performance  of  electrical  components  in  high  temper.1 a ture 
is  seriously  handicapped  due  to  the  lack  of  suitable  insu- 
lating materials  as  the  components  are  subjected  to  severe 
physical  stresses  in  environmental  conditions.  When  fail- 
ure occurs  in  organic  insulations,  the  failure  remains 
permanent  owing  to  the  electrical  conductive  carbon  paths 
that  are  formed  throughout  the  insulation  as  well  as  other 
endangering  problems,  such  as  lack  of  adhesion,  oxidation, 
evaporation  and  aging. 


will  be  more  reliable  and  will  protect  itself  and  its  pay- 
load  from  instant  heat  and  press jre. 


FORMATION 


The  oxide  film  is  formed  by  an  electro-chemical  method 
which  is  a conversion  process  for  tr.ickening  the  natural 
occurring  film  several  hundred  times  cr  more.  This  method 
is  .<nown  as  anodising,  rermaluster’s  patented  process  is 
similar  to  anoditing  except: 

l)  It  is  performed  in  high  speed  to  Justify  C03t. 

2.  It  eliminates  mechanical  contact  to  avoid  racking 
Sp0t8. 

3)  It  is  controlled  to  eliminate  craning  when  bending. 

Owing  to  the  strict  control  methods  employed  in  the  proc- 
essing, the  oxide  coating  may  be  formed  homogeneously  in 
varying  thicknesses  and  pore  structures.  The  resistance 
of  the  formed  alumina  film  is  about  1800  ohms  per  cnT. 

The  mechanism  of  the  anodic  film  formation  and  the  fine 
structure  of  the  film  are  not  fully  understood,  but  infor- 
mation is  derived  from  the  available  evidence  that  under 
the  influence  of  the  electrolyte  and  the  mech  nical  sol- 
vent action,  aluminum  ions  migrate  from  the  metal  surface 
through  the  barrier  layer  to  the  oxygen  rich  upper  portion 
of  the  film  where  the  ions  react  with  the  aluminum  oxide 
to  form  an  anhydrous  alumina.  The  oxide  layer  formed  dif- 
fers in  character  from  the  more  porous  outer  layer.  Toe 
alumina  has  or  electrostatic  charge  and  can  function  to 
absorb  other  inorganic  or  organic  material. 

PROPERTIES  CP  A1„0_ 

This  step  in  the  creation  of  aluminum  oxide  insulated  film 
is  an  advancement  in  the  technology  of  processing  for  ap- 
plications in  electro-magnetic  coils.  Thinner  insulation 
with  high  dielectric  strength,  lower  dielectric  losses 
and  more  compact  components  are  the  results.  The  inor- 
ganic insulated  film  with  its  advantageous  dielectric  prop- 
erties will  withstand: 

1)  higher  temperature 

2)  fungus,  corona  and  contami.'iants 

3)  thermal  or  storage  aging 

4)  oxidation 

It  will  not  outgas  in  high  vacuum. 


Aging  is  accompanied  by  weight  loss  in  organic  material 
where  shrinkage  remilts  in  the  resin  portion  causing  it  to 
lose  its  bond  in  the  slot  cells,  thus  creating  failure. 
Variation  of  temperature  or  rotating  speed  causes  mechani- 
cal abuses  of  the  insulation.  Thermal  degeneration  is 
faster  close  to  the  current-carrying  conductors  where  the 
tempera ture  is  at  a maximum;  Therefore,  the  failure  is 
induced  et  the  hottest  spot  of  the  winding. 

Aluminum  conductor  and  A1  0,  insulation  is  free  of  galva- 
nic action  or  oxidation,  in  case  of  a breakdown,  the  In- 
sulation does  not  create  tracking  of  a permanent  conduc- 
tive path  throughout  the  insulation.  In  fact,  oxide  from 
the  air  creates  a new  insulated  oxide  and  could  repair  it- 
self. Therefore,  it  is  a good  reason  to  consider  the  re- 
lation between  operating  temperature  and  insulation  life. 

A component  made  with  high  temperature  insulated  material 


TABLE  I- 


-Thermal  and  electrical  conducts. ties  of 
aluminum  and  copper. 

RELATIVE  IltCTR.CAl  CONOt-C'  . * *5  (•>.  i 


S ■ <999«*aAG>  L 

Coop*'  OF *<  f 
I99  999.C U)  I 
■ACiCoop*-  L 
Aluminum  199  99%I  L 
Alum."**  EC-0  L 


».lv«f(99  9*%A0i  U 
Coop*'  orwc  P 
(99  99XCU1  ■ 
•ACS  Copp*'  y 
Aluminum  199  99%)  tag 
Aluminum  EC  0 C 
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TABLE  II — Properties  of  annealed  aluminum  and  copper. 


Property 

Aluminum  [ Copper 

| l>  l*G*C> 

2.7 

89 

Melting  point 

85»*C  1 1218F 

1083 *C  1 1982 'F; 

1 T.naile  itrength  | pit ) 

10-15  X 10' 

30-34  X 10' 

I A 110c  eUmgatlOG  % 
1 1 20  * C ) 

30-45 

38  50 

1 Huncll  htnlncu 

15-25 

39-40 

1 Mud  ot  rUalicity  ( pti ) 

10.3  x 10* 

17.9  X 10* 

Corf  linear  ripantion 
| l p*r  *(.'  .(  20*0 

24  X 10  « 

16  5 x 10  • 

Sp  hr  at  1 20*C) 

214 

.092 

id  t • C ) 
rhrrm.l  conductivity 

5 

.91 

1 (d  enr . irc/'O 

5p  rruUivity  20‘C) 

2.82  X 10  « 

1 72  X 10  * 

( oh  mi  cm  1 

Temp  oorf  mutivity 

( 20*0 

4.1x10  * 

3 9-4  2 X 10  • 

Spectral  eniuiivlty 

18  28 

17 

.1  0 660  micronl  ) 

■Mud  V dun 


Lighter  coils  are  made  frcm  aluminum,  although  the  conduc- 
tivity of  EC  grade  is  abcut  6 2^  of  that  of  copper,  the 
weight  factor  of  a comparable  cross  section  is  approxi- 
mately 50^  less  than  that  of  copper.  See  Figure  1.  This 
means  that  a larger  cross  sectional  area  i3  required  of 
aluminum  wire  to  acr.ieve  comparable  electrical  resistance 
to  copper.  See  Figure  2.  Jith  proper  design  of  a compact 
nature,  where  losses  are  confined  to  snail  areas  ?.tnd  where 
heat  dissipates  ravidly,  small  cross  sectional  wire  with 
A1?0^  con  be  utilized. 

ELECTR I CAL  Pit1,  r r>.T  I £ 


l)  Breakdown  Voltage:  The 

porous  film  of  AJ^O., 
as  produced  on  EC  gfade 
and  high  purity  mate- 
rial witnout  impregna- 
tion is  approximately 
30  to  40  volts  per  mi- 
cron (0.00004").  The 
material  composition 
affects  the  break- 
down voltage  which 
increases  with  the 
increasing  purity'  of 
the  metal.  The  film 
is  homogeneous,  uni- 
formly thick  without 
cracks,  controlled 
to  any  thickness. 


0 00025-  00050-  00075" 

Fig.  1 — Thickness  of  film  vs  break 
down  voltage  (rms).  The  dielectric 
strength  of  the  oxide  film  is  approx- 
imately 35  to  40  volts  rms  per  mi- 
cron (0  00004"). 


The  dielectric  strength  varies  nearly  in  a linear 
fashion  with  the  thickness  as  per  Figure  3* 


2)  Resistivity!  The  resistivity  of  the  aluminum  oxide 


v-tries  with  temperature  and  humidity, 
is  unsealed,  it  may  vary  7 1 10  to  3 


Wheij^the  film 

1 10^  ‘ ohms/cm. 


Under  ideal  conditions  in  a dry  atmosphere,  resistiv- 
ity of  5 x 101'3 * 5  ohm-cm  was  obtained  at  2CT  C.  after 
charging  for  60  - 80  seconds. 


TABLE  IV — Properties  of  thin  film  A1  0 Insulation. 


Specific  gravity  <20*0 

4 ( approi  ) 

Apparent  aver. ip  d«-mHy  (20*0 

2 5 

Melting  point 

2050  < { 1722  i- 

F Ion k.I ion  i%) 

r>jrf  i,f  linr.r  thi  rrnal  t-ip.nvion 

1 59 

Reflectivity  ( % 1 

70 

Kmuuvity  HI  « « thicknrUl 

3:  SOU 

Specific  mutivity  1 ohmtem  1 / 20  Cl 

. 250  *0 

Dielectric  itrength  i voll*  rrn«  micron  | 

• 15  40 

Dielectric  conit.n'  20  Cl  lit  1 Mi  i) 

••H  5 9 5 

[mi  t .'tor  ( tan  delta  ) ( 20’  C> 

••0  0004 

NOTF.S 

'••ter  ahvorpt ion  ar  relative  humtdilie 

tie! ween  15'”,  and  6 51 

••rhrir  Krirei  relate  to  valuec  ohtainrd  in  dry  au 

3)  Dielectric  Constant:  The  dielectric  constant  (per- 

mittivity) of  A1  n film  lies  between  8.5  and  9.5 

when  measured  in  dry  air  at  one  megacycle.  Similarly 


loss  factor  (ton  delta)  is  9.0004  'under  like  condi- 
tions. 

MECFA.N1  :AL  '!■.  - .:Ur'^ 

1)  Hardness:  The  film  is  ceramic  in  nature  and  will  re- 

sist surface  scratches  and  abrasion.  The  degree  of 
r.ardness  depends  on  the  porosity  and  the  depth  of  the 
oxide  layer.  Tests  made  on  numerous  samples  of  vary- 
ing degrees  of  porosity  by  means  of  scratching  the 
surface  with  a needle  having  a constant  load  of  130 
grams  showed  that  break  through  was  achieved  in  the 
most  porous  sample  after  16  strokes  and  the  least  por- 
ous sample  aft^r  48  strokes. 

2)  Flexibility:  The  film  i3  highly  flexible,  unlike  oth- 

er forms  of  ceramic  insulation,  ard  retains  the  inher- 
ent qualities  as  long  as  the  metallic  base  material  is 
not  subjected  tc  undue  strains.  If  the  base  material 
is  over  stretched  or  sharply  bent,  it  exhibits  crack- 
ing, then  separation  of  the  film  may  occur.  A hard 
tenner  metal  will  not  allow  small  diameter  bending.  In 
bare  state,  such  wire  will  over  stretch  on  the  uprer 
part  of  the  bend,  and  the  surface  will  be  distorted  at 
the  lower  bend.  Owing  to  the  firm  bond  between  the  a- 
luminum  substrate  and  the  innermost  layer  of  aluminum 
oxide,  the  insulated  conductor  can  be  made  flexible, 
provided  also  that  the  temper  of  the  conductor  is  such 
that  it  exhibits  a good  degree  of  ductility.  Ductile 
wire  and  strip  were  wound  around  a mandrel  having  dia- 
meter four  times  the  thickness  of  the  conductor  with- 
out flaking  or  cracking  of  the  insulation. 

Fatigue:  Tests  have  indicated  that  there  is  no  fatigue 

loss  due  to  the  anodic  film,  even  with  a film  thick- 
ness more  than  fifteen  microns.  This  is  owing  to  the 
flexibility  of  the  film;  there  is  no  stress  concen- 
tration between  the  metal  and  the  film. 

Strength:  Tensile  strength  and  elongation  are  not  al- 

tered by  the  anodic  film.  With  very  thin  material,  al- 
lowance should  be  made  for  the  thickness  of  the  metal 
that  is  converted  to  oxide.  There  is  no  reduction  in 
fatigue  strength  even  at  relatively  high  stresses.  The 
alumina  film  has  significant  strength  when  detached 
from  the  metal. 

Corona:  As  insulation  is  exposed  to  high  voltage,  the 

critical  voltage  is  reached  when  visible  or  audible 
discharge  occurs.  This  is  the  corona  start  voltage 
(CSV),  and  it  is  here  that  the  ambient  air  becomes  i- 
onieed  and  permits  free  flow  of  current.  Most  insula- 
tions exposed  to  this  corona  effect  suffer  erosion.  It 
is  also  attacked  by  ozone  produced  from  the  oxygen  of 
the  atmosphere.  Such  chemical  erosion  within  the  body 
of  the  insulation  is  concentrated  and  results  in  a ser- 
ious degradation  of  the  quality  of  the  insulation  and 
causes  premature  failure  of  the  system. 

High  Temperature*.  Heat  is  a very  important  factor  in 
the  use  of  a barrier  type  electrolyte,  as  it  thickens 
the  barrier  layer  for  higher  dielectric  strength.  Heat- 
ing changes  the  electrical  resistance  and  modifies  the 
physical  Constance  of  the  film;  therefore,  the  pre- 
anodized aluminum  heated  up  to  1000  F.  leads  to  an  in- 
crease in  resistance  and  an  apparent  thickening  of  the 
barrier  layer.  It  also  influences  the  flexibility  of 
the  film.  It  will  not  blister  or  peel,  although  the 
thermal  expansion  of  the  film  and  the  conductor  is  dif- 
ferent. 

Since  the  aluminum  oxide  melts  at  3722°  F.  (2050°  C.), 
the  temperature  maximum  at  which  Permaluster  insulated 
conductor  nmy  be  safely  employed  is  dictated  by  the 
melting  point  of  the  metallic  conductor,  which  for  a- 
luminum  is  1218°  F.  (659°  C,).  The  insulation  proper- 
ties of  the  oxide  film  improves  as  the  temperature  in- 
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500 


Figure  indicates  alumina  (Al^O-)  conductivity  at  various 
temperatures  in  gamma  radiatioi. 


Annealed  EC  aluminua  wire,  Permaluster 
anodic ally  processed  of  aluminum  oxide 
Film  thickness  8 microns  (.0003") 


creases  as  the  moisture  factor  is  eliminated.  See  Fig- 
ure. It  holds  its  dielectric  properties  whether  it  is 
operated  at  50°  C.,  500°  C.  or  -400°  F.  (cryogenic), 
thus  making  it  sui table  for  Classes  H and  C insulation 
as  well  as  exceeding  Mil-Spec,  for  high  temperature  ap- 
plication. 

It  is  insensitive  to  thermal  shock.  The  insulated  con- 
ductor can  safely  carry  short  term  overload  currents 
while  in  a high  ambient  temperature  and  can  be  subject- 
ed to  sudden  changes  of  temperature  having  a wide  dif- 
ferential without  deterioration. 


Thermal  conductivity  of  the  A1  07  is  relatively  close 
to  the  aluminum  conductor  as  the" film  is  minute.  It 
has  the  ability  to  radiate  heat  rapidly  in  high  temper- 
ature. A 3mall  coil  with  less  weight  and  with  high 
thermal  conductivity  will  facilitate  the  transmission  cf 
heat.  To  achieve  such  a performance,  the  round  wire 
has  been  replaced  with  flat  wire  or  aluminum  foil  where 
all  voids  in  the  windings  are  filled. 


Radiation:  Inorganic  Al^O,  fiiiji  haa  an  initial  conduc- 

tivity at  zero  dose  rate  or  10"1  (ohms /cm)"  , the  con- 
ductivity increases  by  order  of  the  magnitude  per  each 
order  of  magnitude  the  dose  rate  increases;  thus  the 
dose  rate  of  10J  roentgens/ sec. . the  conductivity  will 
have  increased  to  10-y  ( ohms/cm)"  . When  materials  are 
subjected  to  a short  duration  extreme  intensity  gamma 
pulse  as  encountered  in  nuclear  explosion  (where  the  in- 
tensity nay  reach  to  more  than  10 ' roentgens/sec.  in  a 
fraction  of  a microsecond)  the  resistance  of  most  organ- 
ic insulations  diminishes  in  value,  while  the  inorganics 
including  Al.,0,  will  recover  ranidly  after  10  to  100  mi- 
croseconds. ^ 

A1  0,  is  successfully 
applied  in  a radiation 
environment.  A typical 
reaction  environment 
of  8 x 101  NV/cm  /sec. 
for^neutronSpand  6 x 
101  l mev/cm  /sec.  for 
gamma  radiation,  where 
the  equivalent  absorbed 
dose  for  each  is  approxi- 
mately equal  to  1 x 10r 

rads,  has  shown  no  delete-  dw.r.i* 

rious  effects.  Fig  2 — Alumina  (A1,03)  conductivity 

at  various  temperatures  in  gamma 
radiation. 


In  a report  by  Idaho  Nuclear  Radiation  and  Argonne  Na- 
tional Laboratories  was  described  the  design  of  an  Annu- 
lar Linear  Induction  Pump  for  the  Mark  11  Loop,  placing 
the  most  stringent  requirements  on  the  sodium  pump.  The 
four'-pole  version  of  the  pump  used  24  coils,  and  the 
five-pole  version  used  30  field  coils.  The  field  coils 
were  designed  to  consist  of  flat  ribbon  wound  pancake 
type  coils  of  fully  anodised  EC  aluminum.  The  A1  0 
insulated  conductor  was  wound  without  interleaving  and 
was  successfully  operated  as  the  primary  of  a 60  cycle, 
one  phase,  23 0 volts  AC  stepdown  transformer  at  425°  C. 


112-8624 

Fig.  3.  Annulai  Linear  Induction  Pump  for  Mark  11 
Integral  Sodium  TREAT  Loop 

for  over  500  hours  without  malfunction  or  failure  (ANL- 
7369-Argonne  National  Laboratory),  THE  DEVELOPMENT  OF 
PUMPS  FOR  USE  IN  F VT-RE ACTOR-3 AFETT  INTEGRAL-LOOP  EXPER- 
IMENTS by  L.  E.  Robinson  and  R.  D.  Carlson. 

Low  Temperature:  Aluminum  with  oxide  film  excels  in  su- 

per cold  environments;  it  is  insensitive  to  abrupt 
changes  at  low  temperatures,  remains  tough,  ductile  and 
strong.  The  high  thermal  conductivity  of  aluminum  (the 
ability  to  transfer  heat  rapidly)  makes  it  especially  ef- 
fective in  high  energy  absorption. 


Temperature  degrees  Kelvlm 
Under  pressure  in  liquid  hydrogem 


At  sub-r.ero  temperatures  the  tear  resistance  is  as  high 
or  higher  than  that  at  room  temperature.  Aluminum  has 
been  used  to  stabilise  super-conducting  magnets  and  re- 
acts only  slightly  in  increases  in  magnetic  field  in  re- 
sistivity or  about  5 KG.  In  a typical  room  temperature, 
under  sero  stress,  sero  field  resistivity  of  high  purity 
aluminum  is  at  2.53  ♦ 10  ohm/cm.  Pure  aluminum,  oxi- 
dised with  low  strain  was  found  to  have  low  resistivity 
even  inQhigh  magnetic  field.  In  cryogenic  applications 
at  -450  F.  in  a magnetic  field,  such  material  operated 
easily  at  120,000  gauss.  The  less  strained  aluminum  re- 
tained its  properties  in  high  magnetic  field.  Its  magno- 
resistance  exhibited  a predominately  saturating  behavior. 
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Fre .iuervcv •.  opecific  resistance  of  anhydrous  'uod  i trtial- 
ly  hydrated  alumin^  is  very  high.-  The  anodic  film  is  ap- 
proximately 5MQ/cm‘  per  1.5  x 10”  cm  film.  There  is  no 
significant  change  over  a wide  frequency  range.  At  fre- 
quencies above  lKc./S  R,  it  is  nearly  constant.  At  ? 5 
Vco  changes  will  appear  with  varied  f > lm  thicknes  es. 

At  frequencies  below  10  Kc/5,  capacitance  is  nearly  con- 
stant at  0-99  u F cm*  . Figure  shows  some  indication  of 
fair  representation  of  the  impedance  component  of  I’erma- 
luster  tested  base  Al^O-  insulated  material  at  ro  ■ m tem- 
perature . 


Frequency  dependence  of  balancing 
series  (a)  resistance  (b)  capacit- 
ance for  annealed  aluminum  oxide 
film  - Fils  thickness  1.5  x 10“3CB# 


different  values  and  properties  can  be  obtained  if  the 
pores  are  sealed  or  impregnated. 

The  impedance  obtained  in  high  frequency  gives  a more 
uniform  response,  as  the  mass  of  a moving  system  limits 
high  frequency  response  of  acoustic  transducers. 

By  reducing  the  weight  of  the  mass  by  more  than  5Cf>,  fre- 
quency can  be  increased.  The  more  density  of  the  mate- 
rial, the  faster  the  sound  w vea  travel.  For  a given 
frequency,  mass  of  the  magnetic  coil  exhibits  a major 
portion  for  the  length  of  the  wave  to  cycle.  Light- 
weight aluminum  rectangular  wire,  edge  wound,  with  thin 
A1  0_  insulation,  improved  the  design  objective  in  ob- 
taining the  maximum  power  output  per  pound  of  weight  and 
condensed  unit  for  moving  transducer  coil  and  waveguides. 

Steady  state  low  frequency  voltage  would  be  distributed 
across  a sheet  winding  in  direct  proportion  to  the  turn 
impedance  giving  'in  essentially  linear  distribution  of 
of  such  voltage  across  the  turns. 

The  capacitance  and  inductance  between  adjacent  or  phys- 
ically close  turns  arid  the  capacitance  to  ground  are  uni- 
form throughout  a continuous  sheet  coil.  Coils  wound 


from  Al^O,  t'  in  insulated  strip  have  no  interlayer  ca- 
1 citance,  but  only  inter turn  capacitance;  total  capac- 
itance  cf  tr.e  coil  i::  t u:;  reduced. 


iveguide  wound,  for  transmission  of  signals, 
using  coil  made  of  anodised  eluminum  rectangu- 
lar wire,  edge  wound.  Such  coils  are  fast  mov- 
ing, lightweigr.t , suitable  for  actuators,  voice 
c"ils,  serve  system,  shakers y etc. 

Vj- rat-  n:  An  edge  wound  flat  wire  ceil  produced  a flux 
density  of  18  kilogause  in  air  gap  (using  3 lbs.  of  Al- 
nico  5-7  magnetic  core)  to  provide  a 6 lb.  force  for 
iisplaceraent  uid  acceleration  as  saown  in  chart.  The 
im- roved  moving  voice  coil  unit  has  an  efficiency  of  50# 
in  the  frequency  range  from  40  - 10,000  Hx.  in  a maxi- 
n <im  acoustic  output  of  20  watts  with  high  degree  of  reli- 
ability. Of  course,  higher  frequency  is  no  problem.  Tr e 
film  is  extremely  tough  and  exhibits  little  deterioration 
under  extensive  mechanical  vibration  for  extended  periods 
time.  Coils  wound  wit},  thin  film  insulated  aluminum 
conductor  have  been  successfully  subjected  to  vibration 
tests  both  at  room  temperatures  and  elevated  temperatures 
Under  24  G vibration,  applied  at  various  frequencies  be- 
tween 59  cps  and  5000  cps  for  one  hour  along  each  axis, no 
change  in  resistivity  and  only  a slight  change  in  induc- 
tance was  recorded.  During  the  test  the  current  flowing 
through  the  coil  was  increased  tc  raise  the  temperature 
to  its  limiting  v&.ue  and  then  reduced  again. 

High  Vacuum:  Aluminum  oxide  insulation  may  be  used  ef- 

fectively in  high  vacuum-  The  film  showed  no  effects 
under  pressure  below  ICj  To  nr  at  500  C.  Other  tests 

indicated  that  when  A1  0,  was  impregnated  with  carbon- 
free  silicons,  there  was  no  evidence  of  any  hydrocarbon 
residue  when  operated  above  4X  C.  in  extremely  low 
pressure. 

De.igri  Jor.siilerr.ti  ^n:  Aluminum  also  has  a higr.  best  ca- 

pacity wit i:  high  capacitance  for  even  voltage  distribu- 
tion. Aluminum  strip  or  rectangular  wire  winding  per- 
mits higher  current  density,  due  to  each  turn  having  lat- 
eral radiating  edges  exposed  to  the  co  ling  medium,  thu- 
providing  effective  heat  dissipation*  This  permits  con- 
siderable design  latitude  in  eith  r reducing  the  cross 
section  of  the  aluminum  used  or  increasing  the  current 
rating  for  equivalent  heat  rire.  L » •.  er-to-1  ayer  temper- 
atures are  ne/irly  uniform;  hot  spots  inherent  in  con- 
ventional windings  ar»-  virtu  lly  elimin  »t**d.  The  use  of 
a thin  high  temperature  dielectric  film  on  flat  material 
will  require  l)  lens  volt*-e  r turn,  2)  minimal  amount 
o'*  insulation,  3)  minimal  amount  of  thermal  insulation. 

It  renders  greater  volume  in  equal  space  and  affords 
greater  mechanical  strength. 

Consideration  is  given  to  life  expectancy,  reliability 
and  normal  stresses  in  performance.  It  is  important  to 
choose  a dielectric  with  thermal  stability  when  the  rate 
of  heat  generation  at  some  point  will  exceed  the  ability 
of  the  material  to  dissipate  it.  Kent  i«  generated  by 


onducti  n current  flow,  principal. y ionic  or  by  hys- 
teresis under  alternating  stres3.  Tie  heat  generation 
rate  in  an  increasing  function  of  temperature  in  the 
electric  field.  An  insulation  with  thermal  stability 
should  not  be  the  limiting  factor  as  it  is  the  most  im- 
portant part  f the  ccTivonent. 


ductivities  of  copper  and  aluminum  at  various  temper- 
atures. 


motility  in  metal  itself  by  only  1 or  2 orders  in  mag- 
nitude. The  pore  diameter  of  the  surface  of  the  film 
is  in  the  order  of  10. 50  millimeter  microns,  or  their 
density  is  between  100  to  800  pores  per  square  micron, 
sufficient  to  absorb  other  materiel.  In  some  areas  of 
applications,  porous  surface  could  have  value,  since  it 
is  chemically  active  surface.  It  acts  as  a good  agent 
for  mecnanical  bonding;  other  advantages  include  its 
retention  of  photo-1  i trio  emulsions,  and  it  serves  as  a 
bn-e  for  electroplating,  printed  circuitry  and  painting. 

'ores  can  be  impregnated  with  various  materials,  i.  e., 
organics  to  inhibit  water  absorption,  orguno-ceramics 
for  use  in  high  te- peratures.  The  Georgia  Institute  of 
Technology  (WADC  Tech.  Report  58-13)  sealed  the  film 
with  Colloidal  Silica  in  an  electrophoresis  deposition, 
also  with  a true  liquid  of  ceramics  that  wet  the  inside 
pores  by  gelling  a hydrolired  solution  of  ethyl  silicate 
so  the  particles  of  silica  were  trapped  in  the  pores  of 
the  coating. 

Actually,  the  barrier  layer  of  the  oxide  is  sufficient- 
ly protective  for  organo-ceramic  filling  of  tne  pores. 
Th*?re  is  no  danger  that  a c.-irbon  conductive  path  will 
pass  the  barrier  layer  in  high  temperature  operation. 

In  fact,  even  the  org;mic  material  will  operate  at  twice 
the  temperature  wit? out  effect. 


I--  e Oxi  ie  F . la  structure:  7 e A1  ?0„  insulated  film  can 

be  varied  in  processing  to  meet  different  requirements. 
Permalus^er  produces  such  film  that  is  flexible  to  al- 
low -winding  in  any  form,  including  miniature  coils  and 
^dge  winding  of  rectangular  wire  under  gr*»a t stress.  A 
film  thickness  sufficiently  thick  to  insure  good  insu- 
lation and  abrasion  resistance  can  be  produced. 


Owing  to  the  porosity  of  the  oxide  surface,  the  film 
exhibit*:  hydroscopic  propert.es,  and  its  resistivity 
changes  with,  relative. humidity  as  we^l  as  with  tempera- 
tures ranging  from  10  Ohm  cm  to  10"  Ohm/ cm.  If  rela- 
tive humidity  is  a factor,  additional  inorganics  or  or- 
ganics can  he  impregnated  into  the  pores  of  the  film. 


Structure  of  pores 
on  anodic  porous  type 
film.  Pore  varies 
with  operating 
conditions 


Imp regn.it cd  Films:  Inorganic  coatings  -ave  the  advan- 

tage of  resistance  to  environmental  conditions,  with  no 
degradation  by  exposure  to  radiation.  A1_07  produced 
anodically  is  an  integral  part  of  the  conaictor.  The 
inner  layer  of  the  oxide  f. lm  is  relatively  compact  and 
anhydrous,  and  on  the  surface  is  highly  absorbent  and 
ready  to  absorb  either  dissolved  substances  or  mole- 
cules in  state  of  colloidal  dispersion.  It  is  axiomat- 
ic that  absorbing  i3  a function  of  the  porosity  of  the 
outer  layer  of  the  film.  It  is  probable  that  oxy-type 
ar.iona  are  a part  of  the  pores  that  lire  capable  of  hy- 
drogen bonding. 

The  conductivity  of  the  outer  layer  provides  the  means 
of  transporting  anions  hydroxyl  ions  from  solvents  or 
water  toward  the  condensed  layer,  and  hydrogen  ions  are 
easily  bonded  or  fused  with  other  substances.  The  tran- 
sition frequency  of  protons  in  a hydrogen  bond  has  be/gr. 
foundjto  be  of  the  order  of  infrared  frequencies  (lO1' 
to  10  per  second).  On  this  b'»sis,  the  proton  mobility 
in  hydrogen  bonded  structures  differs  from  the  electron 


Ir.: rogry-ti  n With  Inorganic  Materiel;  The  anodic  por- 
ous base  coating  with  a barrier  layer  is  a refractory, 
flexible  film  and  car.  absorb  or  seal  other  organic  arid 
inorganic  film  with  or  without  an  organic  vehicle.  An- 
other anodic  or  electrophoretic  process  can  be  applied 
for  forming  another  composite  film  that  is  absorbed  in- 
to the  pores  of  t- e anodic  base  insulated  layer.  Barri- 
er tyre  electrolytes  can  be  used.  Tests  performed  show- 
ed t <t  higher  dielectric  strength  ar.dgflexibi^lty  were 
o' tained  after  vacuum  annealing  at  450  to  500°  C. 

Oxide  pores  con  he  "sealed"  with  Tetraethyl  orthosili- 
cate, which  is  a refractory  binder,  a gelling  agent  for 
~-.rregr.'’tion  of  porous  material  and  is  highly  heat  re- 
sistant. A bydrolired  silicate  gell  heated  to  silica 
becomes  a r.ard  vitreous  type  material,  a pure  silica 
hording  agent  which  has  the  advantage  of  being  insoluble 
in  water;  it  s impervious  to  most  acid  and  is  excel- 
lent ir.  high  tempera trure.  Hydrolieation,  using  ethyl 
silicate  solution,  can  be  accomplished,  as  it  penetrates 
cor-:  lately  into  the  porous  A1?0_  to  a complete  hardness 
a^ter  heating.  ^ 

A water  solution  of  porcelain  enamel  or  combinations  of 
inorganic  frits  with  or  without  resin  combination,  can 
be  applied  to  create  n strong  bond  with  the  oxide  base. 

A strong  intennolecular  bond  is  responsible  for  the  in- 
ertness of  the  base  coating. 

Crganic  Lmirp/mation;  A silicor-oxygen  network  inter- 
spersed with  organic  groups  can  be  stabilised  to  a valu- 
able film  in  conjunct! cn  with  aluminum  oxide.  The  sol- 
vent of  the  silicon  mixture  will  oxidise  and  vaporire 
with  other  organic  components,  while  the  inorganic  sili- 
ca matrix  remains  and  adheres  to  the  A2  0 . The  pure 
silicon  resins  (crosslined  o r gen  o no  lysi  toxins^  are  al- 
most unsurpassed  for  heat  resistance.  With  aluminum  ox- 
ide, the  structure  can  withstand  over  1400°  F.  without 
deterioration.  A number  of  ~odified  silicon  resins  have 
been  used,  such  as  silicon  alkyds,  or  modifications  with 
acrylics,  epoxies  or  phenolics  with  a silicon  content  of 
about  ?5».  Such  different  varieties  of  resin  combina- 
enn  be  formulated  eit.aer  by  blending  or  cg-polymeriea- 
tion  to  obtain  heat  resistance  up  to  1000°  F.  Such  com- 
binations are  »xce' lent  in  thermal  shock  resistance. 
Resin  can  be  applied  in  -".re  form  or  can  be  combined 
with  other  resinous  material.  A mixture  of  resins  put 
together  to  develop  suitable  pro;>ertie8  that  are  compat- 
ible with  the  base  Al^O^  r,ul  achieved. 
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TV *?  cr.oice  of  resin  to  be  impregnated  into  the  pores 
depends  upon  the  application.  The  choice  of  an  organ- 
ic binder  is  made  where  little  or  no  carbon  residue  re- 
mains after  overheating;  although,  if  some  carbon  does 
remain,  it  will  h!ive  no  effect,  as  the  pores  are  pro- 
tected by  the  refractory  oxide  film  that  has  a melting 
point  three  times  that  of  aluminum. 


ed,  the  turns  bond  together  to  form  a solid  structure. 

By  employing  this  method,  cores  are  eliminated;  the 
coil  becomes  very  strong  and  self  supporting. 

Less  magnetic  losnea  while  decreasing  the  mass  and  im- 
provement of  thermal  stability  are  the  results  of  de- 
signing components  using  A1  0,  ft®  & prime  insulation 
or  with  impregnations.  Two  important  factors  are  deriv- 
ed, weight  reduction  and  greater  reliability. 
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Host  insulations  are  based  on  a thermal  theory.  Snould  u 
weax  area  in  the  organic  insulation  be  heated  more  than 
other  areas,  and  if  the  heat  is  not  removed  as  rapidly  as 
it  is  generated,  the  weak  spot  grows  hotter  and  the  re- 
sistance will  lower.  As  the  temperature  continues  to  rise 
in  operation,  instability  occurs;  this  will  be  followed 
by  a breakdown  in  the  weakest  point  of  the  Insulation. 

Tr.is  will  not  occur  in  Al.O,  insulation.  In  fact,  the  a- 
luminum  oxide  insulation  improves  at  temperatures  above 
220  F.  The  choice  of  insulation  is  often  a decided  fact- 
or that  will  govern  the  performance  and  reliability  of  the 
components.  In  applications  where  peak  load  is  energised 
during  low  demand  period,  overall  losses  are  always  less 
in  high  temperature  design.  Examples  are  transformers, 
generators,  solenoids,  alternators,  magnets,  etc.,  whether 
for  environmental  or  terrestrial  operation. 

The  adaptation  of  aluminum  conductor  with  A1  0 insulation 
is  the  latest  step  in  attaining  improved  operation  through 
better  balance  in  components  to  more  efficient  design 
through  the  reduction  of  mass,  higher  current  flow,  and 
consequently  higher  temperature  operation. 


High  temperature  polymers  offer  versatility  for  use  in 
electronic  insulation  and  show  stability  in  perform- 
ance when  impregnated  into  the  A1  0_  "prime  coat"; 
greater  dependability  has  bgen  achieved  at  high  operat- 
ing temperatures  (about  850  F.). 


Thermal  aging  of  insulation  in  organic  material  is  prob- 
ably responsible  for  most  failures  found  in  the  compo- 
nent. Thermal  aging  itself  does  not  produce  failures, 
but  it  renders  insulation  vulnerable  tc  other  factors, 
suer,  as  moisture  penetration,  brittleness,  loss  of  ther- 
mal expansion  before  complete  failure.  Figure  sf  ows 
some  experiments  with  organic  film  over  A1  0 . 
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Thermal  aging  of  EC  aluminum  wire,  anodically  in- 
sulated and  copper  wire  with  various  types  of  in- 
sulated films.  Bars  in  grey  indicate  aluminum  and 
oxide  wire. 

Such  organic  overcoat  is  produced  in  a cured  or  quasi- 
cured  state.  A coil  can  be  formed  end  wound  in  any 
shape  when  a quaai-cured  etate  is  required,  rfhen  heat- 
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Continuous  filament  ceramic  fibers  represent  a 
major  advancement  In  refractory  fiber  technology. 

These  fibers  are  truly  continuous  fibers  of  metal 
oxides  that  can  readily  be  converted  into  ceramic 
textiles  which  meet  tough  performance  requirements  in 
high  temperature  operating  environments.  The  AB-312 
fiber  system  can  withstand  temperatures  up  to  1400°C 
tor  extended  periods  and  short  term  exposure  to  1600°C. 


TYPICAL  PHYSICAL  PROPERTIES  OF  CONTINUOUS  CERAMIC 
FILAMENTS 


AB-312 

AC-02 

zs-u 

Composition 

62%  alumina 

70%  alumina 

67%  zirconia 

14%  boria 

28%  silica 

33%  silica 

24%  silica 

2%  chromia 

Because  the  filaments  are  continuous  and  strong, 
ceramic  textiles  can  be  produced  without  the  aid  of 
other  fibers  or  wire  inserts.  Fabrics,  tapes,  sleev- 
lngs,  cordage,  conveyor  belts  and  thermocouple  wire 
insulation  are  typical  products. 

These  ceramic  textiles  offer  strength,  durability, 
efficiency  and  safety  in  useable  forms.  Additionally, 
the  fibers  have  low  elongation  and  shrinkage  at  oper- 
ating temperatures,  which  allows  a dimensionally  stable 
product  to  be  made.  These  novel  fibers  also  offer  good 
chemical  resistance,  low  thermal  conductivity,  thermal 
shock  resistance,  low  porosity  and  good  electrical 
properties. 


INTRODUCTION 


Base  Color  White 

Denier  900 

(390  Filament  Yarn) 

Tensile  1720  mega 

Strength  N/ni 

(250x10-*  psi) 

Tensile  152,000  mega 

Modulus  of  N/m^ 

Elasticity  (22xl06  psi) 

Strand  2. 3 kg 

Strength  (5.0  lb) 

(390  filament 
yarn) 


Light  Green  White 
795  2060 


1460  mega  1380  mtjga 
N/m2  N/m 

(200x10  psi) (175xl02  psi) 

159.000  mega  96,000  mega 

N/m2  N/mZ 

(23x10^  psi)  (14x106  psi) 

2.0  kg  2.0  kg 

(4.5  lb)  (4.5  lb) 


Textile  articles  manufactured  from  continuous  fil- 
ament ceramic  yarns  have  recently  been  made  commercial- 
ly available  from  the  3M  Company.  A unique  combination 
of  properties  allows  engineered  textile  products  to  be 
produced  on  conventional  fiber  handling  equipment.  The 
fibers  themselves  differ  in  properties  from  other  com- 
mercially available  inorganic  fibers,  such  as  fiber- 
glass and  fused  or  leached  silica.  The  3M  technology 
provides  an  entire  family  of  fibers  with  varied  proper- 
ties to  be  manufactured. 


Filament 

Diameter 

Density 

Extended  Use 
Temperature 


HP 

(0.44  mil) 

2.50  gm/cc 

1400°C 

(2550°F) 

1600°C 


lOp 

(0.40  mil) 

2.80  gm/cc 

1425°C 

(2600°F) 

1650°C 
( 3000°F) 


14p 

(0.56  mil) 

3.70  gm/cc 

1000°C 

(1830°F) 


Short  Term 
Use  Temperature(2900°F) 


PHYSICAL  PROPERTIES 


FIGURE  1 


A variety  of  fiber  compositions  can  be  produced 
with  the  3M  ceramic  fiber  technology.  Examples  of 
these  are  alumina-bor ia-silica  (AB-312),  zirconia- 
silica  (ZS-11)  and  alumina-s il i ca-chromia  (AC-02).  The 
relative  physical  properties  of  these  three  svstems  are 
listed  in  Table  1. 

Individual  filaments  of  ceramic  fibers  are  round, 
smooth,  transparent  and  have  a relatively  low  surface 
area.  These  properties  may  be  altered  by  subsequent 
treatment.  The  transparent  nature  of  these  filaments 
can  be  seen  in  Figure  1,  a magnified  photograph  of 
typical  a 1 nm ina-bor ia-s il ica  filaments  submerged  in  a 
refractive  index  oil. 


MAGNIFIED  VIEW  OF  AB-312  FILAMENTS 


By  the  addition  of  small  amounts  of  the  proper 
metal  oxides,  a variety  of  colors  can  be  imparted  to 
the  fibers.  The  color  is  internal  and  uniform  through- 
out an  individual  filament  and  is  retained  during  use 
at  high  temperature  or  in  corrosive  environments.  This 
property  not  only  can  be  decorative,  but  also  is  useful 
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for  color  coding,  especially  in  thermocouple  applies- 
Cions.  Table  2 lists  the  resultant  colors  which  can  be 
obtained  when  various  oxide  additives  are  incorporated 
into  the  fiber  system. 


TABLE  2 

COLORS  OF  CERAMIC  FIBERS 


Oxide  Additive 

Cr2°3 

Fe2°3 

CoO 

NiO 

MnO 


General  Color 
Green 

Yellow  - Gold 
Blue 
Aqua 
Brown 


Still  other  unique  properties  can  be  generated  by 
the  addition  of  oxides  and  subsequent  treatment.  For 
example,  if  a small  amount  of  iron  oxide  is  added  to 
the  ZS-11  system  and  the  fibers  are  heated  in  a hydro- 
gen atmosphere,  the  reduced  iron  oxide  or  metallic 
iron  will  cause  the  fibers  to  become  attracted  to  a 
magnetic  field.  This  will  be  accompanied  by  a color 
change  from  gold  to  black. 


Strength  retention  at  elevated  temperature  is  an 
important  feature  of  the  continuous  filament  ceramic 
yarns.  Figure  2 shows  a comparison  of  the  AB-312 
material  with  typical  fiberglass  and  Inconel.  Note  the 
extended  use  temperature  of  the  ceramic  material. 

FIGURE  2 


For  applications  where  low  moisture  or  gas  absorp- 
tion is  important,  the  3M  ceramic  fibers  perform  satis- 
factorily. 

The  low  surface  area,  generally  less  than  1.0  m2/& 
allows  only  0.06%  moisture  absorption  after  long  terra 
exposures  to  air  saturated  with  water  at  ambient  tem- 
perature. This  property  can  be  very  important  in  min- 
imizing outgassing  problems  in  certain  applications. 


CHEMICAL  PROPERTIES 


The  oxide  composition  of  the  ceramic  fibers  allows 
them  to  withstand  attack  by  virtually  all  common  hydro- 
carbons and  many  acids  and  bases.  To  characterize  this 
property,  loss  in  filament  tensile  strength  was  mea- 
sured after  treatment  at  90°C  for  eight  hours  in  12-18 
molar  chemical  baths.  The  zirconia-silica  filaments 
best  withstood  attack  and  would  be  superior  for  use  in 
corrosive  environments.  Table  3 summarizes  the  results 
of  these  tests. 


TABLE  3 


PERCENT  LOSS  OF  FILAMENT  TENSILE 
STRENGTH  AFTER  CHEMICAL  TREATMENT 


Chemical 

24%  silica 
62%  alumina 
14%  boria 

28%  silica 

67%  ziiconia 
33%  siUca 

HC1 

decomp. 

23 

6 

H3P°4 

« 

16 

5 

nh,oh 

4 

" 

n 

3 

NaOH 

" 

decomp . 

33 

The  effects  of  various  metals  on  a fabric  woven 
from  alumina-boria-silica  yarns  were  determined  at 
elevated  temperature.  Powdered  metals  were  placed  on 
the  woven  cloth  and  heated  in  air  to  1100°C  for  one- 
half  hour.  Overall  results  are  listed  in  Table  4. 

TABLE  4 

EFFECT  OF  METALS  ON  AB-312 
FABRIC  AT  1100°C 

Metal  Effect  at  1100°C 

Aluminum,  Boron,  No  attack 

Platinum,  Cobalt,  " " 

Chromium,  Gold  " " 

Iron,  Nickel,  Silicon  " M 

Soft  Solder  " " 

Copper,  Tin  Severe  Attack 

The  metals  which  caused  attack  are  extremely  reactive 
at  test  temperature.  Most  common  metals,  however, 
have  no  effect  on  the  AB-312  fiber  system. 

ELECTRICAL  PROPERTIES 


The  dielectric  constant  for  the  62%  alumina-14% 
boria-24%  silica  system  has  been  calculated  over  a 
frequency  range  of  102  to  1010  Hertz.  Measurements 
of  dielectric  strength  were  made  on  unidirectional 
composites  which  contained  50  volume  percent  fibers 
and  50  volume  percent  resin  matrix^).  Similar  mea- 
ments  were  also  made  on  the  resin  material  by  itself. 
Using  the  "rule  of  mixtures"  expressed  by  equation  1, 
the  dielectric  constant  was  then  calculated  for  fibers 
alone  over  a broad  frequency  range. 

In  Ec  - (1-P)  In  Em  + P In  Ef  (1) 

Where  Ec  ■ composite  dielectric  constant 
Em  s matrix  dielectric  constant 
Ef  ■ fiber  dielectric  constant 
P ■ fiber  volume  fraction 


Figure  3 shows  how  the  dielectric  constant  varies 
with  frequency  at  ambient  temperature. 
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FIGURE  3 - DIELECTRIC  CONSTANT  OF  AB-312  FIBERS 


AS  A FUNCTION  OF  FREQUENCY 


Loss  tangent  measurements  were  also  made  on  the 
same  composite  samples  and  the  resin  alone  over  the 
same  frequency  range.  These  values  are  listed  in 
Table  5. 


TABLE  5 


LOSS  TANGENT 

AT  VARIOUS 

FREQUENCIES 

Frequency 

Matrix 

Loss  Tangent 

Composite 

2 

10  cycles  / sec. 

0.014 

0.010 

103 

0.014 

0.013 

104 

0.016 

0.018 

105 

0.018 

0.021 

106 

0.041 

0.018 

107 

0.030 

0.019 

9. 3xl09 

0.033 

0.020 

2 3 

The  data  shows  that  at  10  and  10  cycles  per  second, 
the  fibers  plus  the  matrix  have  a lower  loss  tangent 
than  the  matrix  resin  alone.  This  indicates  that  at 
low  frequencies,  the  loss  tangent  of  the  aligned  fibers 
is  less  than  that  of  the  matrix  material. 

At  the  test  frequencies  shown,  the  loss  tangent 
appears  to  rise  from  less  than  0.010  to  a maximum  of 
about  0.025  at  10^  cycles  per  second.  At  higher  fre- 
quencies (above  10^),  the  loss  tangent  of  the  fibers 
begins  to  drop.  It  is  recognized  that  the  loss  tan- 
gent of  the  fibers  will  be  a function  of  the  particular 
filament  configuration,  so  it  is  impossible  to  assign 
definite  values  to  the  loss  tangent  at  any  one  fre- 
quency. 

The  insulation  resistance  of  AB-312  braids  on 
thermocouple  wire  was  measured  as  temperature  was 
increased  from  ambient  to  over  1400°C.  The  thermo- 
couple wire  composite  was  constructed  by  braiding  AB- 
312  yarns  around  each  of  the  two  individual  wires. 

Wall  thickness  was  approximately  0.02U  inches.  Both 
braids  were  held  together  by  a third  overbraid,  also 
composed  of  the  AB-312  material.  Eighteen  inch  samples 
were  heated  to  above  800°C  to  remove  organic  contamin- 
ants. With  one  foot  sections  exposed  to  the  test 


temperature,  the  remainder  of  the  wire  extended  through 
the  oven  wall  and  was  connected  to  a test  device.  All 
wires  were  open  ended.  The  insulation  on  one  sample 
contained  a fiberglass  tracer  yarn,  but  this  did  not 
appear  to  significantly  affect  the  measured  values  of 
insulation  resistance. 

A typical  curve  of  insulation  resistance  as  a 
function  of  temperature  is  shown  in  Figure  4.  The 
values  of  insulation  resistance  will  change  depending 
on  wall  thickness,  length  of  thermocouple  wire  tested, 
and  the  braid  construction,  but  these  data  are  repre- 
sentative of  common  constructions. 


FIGURE  4 


Temperature  °C 


APPLICATIONS 

Continuous  filament  ceramic  yarns  are  fabricated 
into  a variety  of  textile  products.  Figure  5 shows 
some  of  these  products  including  woven  belting,  braided 
sleeving,  narrow  fabrics,  net  fabrics  and  twisted/plied 
cordage. 
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FIGURE  5 

CERAMIC  TEXTILE  PRODUCTS 


Uses  for  these  products  are  based  on  the  unique  combin- 
ation of  fiber  properties  mentioned  previously,  in 
particular,  strength  and  temperature  resistance. 

Since  the  fibers  remain  flexible  and  experience 
minima  shrinkage  after  exposure  to  temperatures  ex- 
ceeding 1200°C,  they  have  been  found  useful  in  insul- 
ating reuseable  thermocouple  wires.  Figure  6 shows  a 
ceramic  fiber  covered  chromel  - alumel  thermocouple. 

FIGURE  6 

THERMOCOUPLE  WIRE  INSULATED  BY 
CERAMIC  FIBERS 


Figure  7 shows  a braided  cable  insulation  being 
exposed  to  a gas  flame.  In  addition  to  its  flame  re- 
sistance, this  insulation  affords  higher  temperature 
capabilities  than  present  in  heretofore  available 
materials . 

FIGURE  7 

CERAMIC  FIBER  CABLE  INSULATION 


Battings  of  these  fibers  exhibit  good  thermal 
resistance  properties  and  can  be  used  in  insulating 
applications  sometimes  in  conjunction  with  textile 
forms  of  the  same  fibers.  Because  the  fibers  are 
continuous,  they  can  withstand  mechanical  vibrations 
better  than  the  majority  of  competitive  products. 
Figure  8 shows  the  thermal  conductivities  of  two  fiber 
systems . 


FIGURE  8 

COMPARATIVE  THERMAL  CONDUCTIVITIES* 
(0.05  g/cc  Density  Batting) 
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* These  curves  were  obtained  by  measuring  temperature 
drops  through  bulk  3M  Brand  ceramic  fibers  in  contact 
with  other  materials  of  known  thermal  conductivity. 
The  teat  method  was  standardized  using  Fiberfrax  H 
(Carborundum  Co.)  and  Saffil^  Alumina  Fiber  (ICI 
America,  Inc.)  whose  thermal  conductivities  are 
published. 


Because  of  the  excellent  temperature  properties  and 
the  low  surface  area  of  the  fibers,  outgasslng  is  min- 
imized when  batting  and/or  cloth  are  used  in  applica- 
tions such  as  vacuum  furnace  linings. 

High  strength  characteristics  at  elevated  tempera- 
tures make  the  fiber  useful  for  continuous,  high- 
temperature  conveyor  belts,  rope  heaters,  and  heating 
element  Insulation.  Perhaps  most  important,  the 
unique  combination  of  properties  of  these  fibers  will 
make  them  useful  in  many  other  applications. 
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For  the  insulation  material  of  submarine  coaxial 
cable,  very  low  dielectric  loss  as  well  as  excellent 
mechanical  strength  and  low  level  of  contamination 
are  required.  It  was  necessary  for  the  development 
of  these  polyethylene  to  elucidate  the  relationship 
between  molecular  structures  and  dielectric  proper- 
ties and  to  establish  the  new  production  technique  by 
the  improvement  of  the  polymerization  and  finishing 
process.  Based  on  these  technical  development, 
UBEC1010  and  UBEC2020  have  been  developed.  In 
this  paper,  the  developing  process  and  character- 
istics of  these  polyethylenes  are  shown.  Further- 
more, an  experimental  grade  of  which  dielectric  loss 
was  lower  than  that  of  UBEC2020  was  produced.  In 
the  comparison  of  these  materials,  the  image  of 
insulation  materials  of  submarine  cable  is  reviewed. 

In  order  to  keep  the  excellent  properties  of 
material  in  the  manufactured  cable,  sufficient  con- 
siderations should  be  paid  to  the  cable  manufacturing 
conditions.  The  approaches  to  the  optimum  manu- 
facturing conditions  are  shown. 


INTRODUCTION 


Two  systems,  that  is,  submarine  cable  systems 
and  sattelite  systems  are  used  for  international  tele- 
communication. The  submarine  cable  systems,  are 
superior  in  stability  and  secrecy  of  telecommunica- 
tions. To  meet  the  increasing  demand  of  the  com- 
munication, these  systems  have  been  mutually 
improved  making  up  for  their  demerits.  Various 
submarine  cable  systems  have  been  developed  and 
put  to  practical  use  such  as  previously  developed  SF 
system  and  the  latest  SG  system  of  which  top  frequen- 
cy is  6 and  30  MHz,  respectively.  The  high  operat- 
ing frequency  have  been  used  in  order  to  enlarge  the 
transmission  capacity  to  satisfy  the  increasing  tele- 
communication demand.  By  use  of  the  higher  operat- 
ing frequency,  the  attenuation  of  signal  in  the  cable 
increases.  In  order  to  amplify  the  attenuated  signal, 
repeaters  are  used.  These  repeaters  are  so  expen- 
sive that  it  is  required  to  decrease  the  number  of 
repeaters  for  the  cost  saving  of  submarine  cable 
systems.  Therefore,  low  dielectric  loss  polyethy- 
lene must  be  used  for  the  insulation  material  which 
is  very  effective  on  the  attenuation  of  signal  in  the 
cable. 

The  repair  of  submarine  cable  at  ocean  bottom 
is  so  difficult  that  the  long  term  reliability  is  re- 
quired. For  these  reasons,  the  following  severe 
properties  and  qualities  are  required  for  the  high 
pressure  polyethylene  of  the  insulation  of  submarine 
cable. 


(1)  Very  low  dielectric  loss  controlled  in  a narrow 
range 

(2)  Extremely  low  level  of  contamination 

(3)  Excellent  processability  of  cable  manufacturing 
and  excellent  mechanical  and  dielectric  pro- 
perties of  the  manufactured  cable 

The  properties  of  the  insulating  polyethylene  of 
submarine  cable  are  recently  reviewed  by  Matsuoka 
et  al.  Processability  of  cable  manufacturing  is 
discussed  by  Daane^)  from  the  viewpoint  of  a gripping 
force  between  the  insulation  and  the  innerconductor. 
The  phenomena  that  water  permeating  into  polyethy- 
lene on  the  cooling  process  of  cable  manufacturing 
increases  the  dielectric  loss  of  polyethylene  could 
not  be  disregarded.  Some  of  the  co-authors  have 
already  elucidated  the  optimum  manufacturing  con- 
dition by  the  simulation  model  of  water  permeating 
mechanism  and  cable  manufacturing  conditions.  3) 

In  this  paper,  the  properties  required  for  the  low 
loss  insulation  material  of  submarine  cable  are 
briefly  described  based  on  the  development  of  SF  and 
SG  grades.  The  manufacturing  conditions  to  avoid 
the  dielectric  loss  increase  and  void  formation  are 
also  described. 


DIELECTRIC  PROPERTIES 


On  the  submarine  cable  system,  repeaters  are 
connected  at  constant  intervals  to  amplify  the  attenu- 
ated signal.  To  decrease  the  number  of  expensive 
repeaters,  it  is  desirable  that  the  attenuation  of 
signal  in  the  cable  is  minimized.  The  relation 
between  the  attenuation  and  the  dielectric  properties 
of  insulating  polyethylene  is  shown  by  the  following 
equation.  1 ) 


d " kJ7{Wd+WZ)  lo^D/d  + k2f/fc  tanS 


where  o< 

attenuation 

kl.  k2 

constant 

f 

frequency 

d,  D 

diameters  of  inner  and  outer 
conductors 

Cd,  <Td 

conductivities  of  inner  and  outer 
conductor 

t 

permittivity 

tanS 

dielectric  loss 

The  first  term  in  above  equation  is  mainly  the 
resistive  loss  in  the  conductor  and  the  second  term 
is  the  dielectric  loss  in  the  insulation.  Because  the 
constant  of  the  second  term  is  small  than  that  of  the 
first  one.  the  contribution  of  the  second  term  to  the 
attenuation  is  small.  However,  in  recent  high  fre- 
quency system,  the  second  term  is  very  important 
because  the  frequency  is  the  first  order.  The 
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method  is  shown  in  Table  1. 


dielectric  loss  in  the  second  term  is  the  first  order 
and,  as  described  later,  affected  by  many  factors, 
so  that  it  is  necessary  that  the  dielectric  loss  is  kept 
to  be  low  and  in  a narrow  range. 

Permittivity  and  dielectric  loss  of  polyethylene 
which  are  effective  on  the  attenuation  of  signal  are 
described  below 


Permittivity 

Permittivity  of  polyethylene  is,  as  shown  in 
Fig.  1,  proportional  to  density.  Density  presenting 
the  types  of  polyethylene  generally  indicates  the  dif- 
ferences of  molecular  structure.  But  the  density  of 
polyethylene,  even  if  the  molecular  structure  is  the 
same,  is  different  as  crystallinity  changes  by  crys- 
tallization conditions  or  annealings.  But  as  shown  in 
Fig.  1,  the  permittivity  is  proportional  to  the  density 
which  depends  on  both  molecular  structure  and 
whether  or  not  specimens  are  annealed. 


22®  z.  Quenched 


1 27- 

920  925  . 930  935 

Density  (q/cm1 ) 

Fig.  1 Density  vs.  permittivity  at  23°C,  1 MHz 


Dielectric  loss 


Polyethylene  is  essentially  an  excellent  insula- 
tion material  and  has  low  dielectric  loss.  As  the  key 
factor  of  the  development  of  new  systems,  lower  di- 
electric loss  polyethylene  has  been  required.  In 
order  to  develop  the  polyethylene  which  satisfies  the 
requirements,  it  is  necessary  to  establish  the  follow- 
ing technical  developments. 

(1)  Establishment  of  a precise  measuring  method  of 
the  dielectric  loss  of  polyethylene. 

(2)  Elucidation  of  the  relationship  between  the  di- 
electric loss  and  the  polymer  structure. 

(3)  Establishment  of  producing  technique  of  poly- 
ethylene at  aimed  dielectric  loss  constantly. 

Some  precise  measuring  method  of  the  dielectric 

loss  for  the  insulating  polyethylene  of  submarine 
cable  were  reported.  4),  5),  Authors  have  establish- 
ed a precise  measuring  method  based  on  silicone 
displacement  method  using  a Q meter,  Yokogawa 
Hewlett  Packard  type  4342A.  The  silicone  displace- 
ment method  has  various  merits  such  as  simple 
operation  and  good  reproducibility.  And  it  also  en- 
ables to  measure  the  permittivity  precisely  without 
the  effect  of  air  between  specimen  and  electrode 
because  the  permittivities  of  silicone  liquid  and  poly- 
ethylene are  almost  equal.  The  results  by  this 


Table  1 Results  of  dielectric  loss  measurement  of 
UBEC2020  by  our  method  at  23°C 


n = 20 


Frequency  Dielectric  loss  ( 10"6) 

(MHz)  Average  Standard  deviation 


1 

25.  9 

0.  4 

6 

34.  3 

0.  6 

30 

44.  2 

0.  6 

The  dielectric  loss  of  polyethylene  is  increased 
by  chain  branchings,  unsaturations  and  impurities 
formed  on  the  polymerization  process  and  by  anti- 
oxidant added  to  polymerized  polyethylene. 

In  the  radical  polymerization  process  of  ethylene, 
long  and  short  chain  branchings  and  unsaturations  are 
formed  besides  the  polymerized  methylene  unit.  The 
long  chain  branching  formed  by  intermolecular  chain 
transfer  reaction  has  almost  the  same  length  as  main 
chain  and  its  number  is  very  few,  so  the  increase  of 
dielectric  loss  by  long  chain  branching  is  negligible. 
The  short  chain  branching  is  formed  by  intramolecu- 
lar chain  transfer,  so  called  back-biting,  reaction 
and  copolymerization  with  <? -olefin.  They  are 
mainly  composed  of  methyl,  ethyl  and  butyl  branches. 
The  unsaturations  detected  in  high  pressure  polyethy- 
lene are  end  vinyl  (RCH  = CH2),  trans-vinylene 
(RCH  r CHR')  and  vinylidene  (RR’C  = CH2).  The 
number  of  end  vinyl  and  trans-vinylene  is  generally 
less  than  that  of  vinylidene  on  high  pressure  poly- 
ethylene. As  both  the  short  chain  branchings  and 
vinylidene  are  formed  from  tertiary  radicals,  the 
number  of  vinylidene  gives  the  same  tendency  as 
that  of  the  short  chain  branchings. 

Short  chain  branchings  which  are  the  most  in 
number  in  polyethylene  prevent  the  crystallization 
and  decrease  the  crystallinity.  So  as  shown  in  Fig.  2, 
density  of  polyethylene  becomes  high  with  the  de- 
crease of  short  chain  branchings.  Under  certain 
polymerization  condition  where  the  short  chain 
branchings  decrease,  the  number  of  total  unsatura- 
tions decrease  simultaneously  as  sh  ,wn  in  Fig.  2. 
Therefore,  there  is  a large  corelation  between  the 
density  and  the  dielectric  loss.  The  polyethylene 
with  higher  density  has  lower  dielectric  loss  as 
shown  in  Fig.  3. 


_i 1 1 — to 

920  925  930  935 

Density  ( q/c  m3 ) 


Fig.  2 Density  vs.  short  chain  branching  and  total 
unsaturation 
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Fig.  3 Dielectric  loss  at  23°C,  30  MHz  as  a function 
of  annealed  density 


large  dipole  moment.  Therefore,  it  was  necessary 
that  the  initiator  consumption  per  unit  polymer  pro- 
duction was  minimized,  that  the  decomposed  matter 
and  residue  were  removed  from  the  manufacturing 
process  and  that  the  penetration  of  air  in  pelletizing 
extruder  was  prevented. 

In  order  to  prevent  the  oxidative  degradation  in 
the  cable  manufacturing  process  and  in  practical  use 
antioxidant  is  added  to  the  insulating  polyethylene  of 
submarine  cable.  Some  antioxidant  increases  the 
dielectric  loss  of  polyethylene.  The  dielectric  loss 
of  polyethylene  which  contains  the  various  types  of 
antioxidant  for  polyolefins  is  shown  in  Fig.  4.  The 
performance  of  these  antioxidant  is  shown  in 
Table  2 as  the  oxidative  induction  period  by  DSC  at 
200'5C.  These  results  show  that  Ionox  330  scarcely 
increases  the  dielectric  loss  and  has  excellent  anti- 
oxidative  performance. 


Both  the  short  chain  branchings  and  the  unsatu- 
rations are  influenced  by  temperature  and  pressure 
of  the  polymerization  reaction  of  ethylene.  In  order 
to  control  the  dielectric  loss  at  the  aimed  value  and 
in  a narrow  range,  it  is  necessary  to  control  the 
short  chain  branchings  and  the  unsaturations  at  con- 
stant value.  From  the  industrial  point  of  view,  it  is 
necessary  to  establish  the  optimum  operating  condi- 
tions and  to  control  them  to  minimize  the  fluctua- 
tion. The  reaction  condition  to  produce  the  poly- 
ethylene with  aimed  dielectric  loss  could  be  easily 
established  by  the  simulation  model  of  polymerization 
of  ethylene.  The  fluctuation  of  dielectric  loss  is 
mainly  due  to  the  fluctuation  of  reaction  temperature. 
The  fluctuation  of  reaction  temperature  could  be 
minimized  by  the  direct  digital  control  system  using 
a process  computor.  ?) 

As  an  initiator  of  high  pressure  ethylene  poly- 
merization, oxygen  or  organic  peroxide  is  generally 
used.  It  is  possible  that  the  decomposed  matter  and  the 
residue  of  initiator  remain  in  the  polyethylene  as 
compounds  which  contain  carbonyl  and  hydroxy  or 
other  chemical  group.  If  air  is  mixed  in  molten 
polyethy.ene  in  the  pelletizing  extruder,  carbonyl 
group  is  produced  by  oxidation.  Even  if  the  content 
of  these  polar  group  is  extremely  low,  the  dielectric 
lots  of  polyethylene  increases  because  they  have 
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Fig.  4 Effect  of  antioxidant  on  dielectric  loss  at  23°C 
Concentration  is  1000  ppm 

Table  2 Oxidative  induction  period  by  DSC  at  200°C 
Concentration  is  500  ppm 


(mm.  ) 


BHT  Santonox  R 

Topanol  CA 

Ionox  330 

Irganox  1010 

0 38 

22 

29 

27 

Table  3 Molecular  structures  and  dielectric  properties  of  the  insulating 
polyethylene  of  submarine  cable 


Unit 

UBEC1010 

(SF) 

UBEC2020 

(SG) 

Experimental 

Melt  index 

g/10  min 

0.  1 

0.  2 

0.  2 

Density  (annealed) 

g/cm-* 

0.  923 

0.  931 

0.  935 

Short  chain  branching 

-CH3/IOOOC 

20 

9 

6 

Unsaturation 

C=C/1000C 

trans  vinylene 

0.  08 

0.  03 

0.  01 

end  vinyl 

0.  04 

0.  03 

0.  03 

vinylidene 

0.  25 

0.  04 

0.  03 

Permittivity 

— 

2.  285 

2.  799 

2.  306 

Dielectric  loss 

10*6 

1 MHz 

59 

26 

21 

6 MHz 

78 

34 

28 

30  MHz 

96 

44 

35 

49 


In  order  to  produce  the  insulating  polyethylene 
for  submarine  coaxial  cable  of  which  dielectric  loss 
is  very  low  and  controlled  in  a extremely  narrow 
range,  above-mentioned  various  considerations  are 
necessary.  In  Table  3,  structures  and  dielectric 
properties  of  two  insulating  grades  and  an  experi- 
mental product  with  lower  dielectric  loss  are  shown. 


CONTAMINATION 


Contamination  in  the  insulation  of  submarine 
cable  decreases  the  reliability  of  submarine  cable 
system  which  is  expected  to  operate  for  long  time. 

It  is  possible  that  a large  amount  of  contamination 
increases  the  dielectric  loss  of  polyethylene.  In 
order  to  reduce  the  contamination  to  extremely  low 
level,  some  particular  countermeasures  had  to  be 
applied  to  production,  transportation  and  packaging 
process  of  polyethylene. 

Contaminations  formed  or  mixed  in  the  high 
pressure  polyethylene  process  are  decomposed  poly- 
ethylene in  the  reactor,  burnt  polyethylene  in  the 
pelletizing  extruder  and  foreign  matters  which  come 
from  the  chilling  water  of  pelletizing,  the  air  of 
pneumatic  transportation,  containers  for  transporta- 
tion and  the  air  of  packaging. 

In  order  to  prevent  the  contamination,  the  following 
countermeasures  were  taken.  The  same  kind  of 
polyethylene  was  produced  for  the  cleaning  of  the 
process.  The  chilling  water  and  the  air  for  pneu- 
matic transportation  were  filtrated  by  the  fine  filter. 
The  containers  were  washed  by  water  and  polyethy- 
lene. Polyethylene  was  packed  in  the  clean  room 
circulated  with  the  filtrated  air.  To  improve  the 
accuracy  of  the  inspection  of  contamination,  thin  tape 
was  extruded  and  then  number  and  size  of  contamina- 
tion of  predetermined  weight  of  the  tape  were  meas- 
ured by  using  multiplying  glass.  The  inspection  was 
performed  in  a clean  room  circulated  with  the  filtrat- 
ed air. 

The  typical  distribution  of  contaminant  in  the 
polyethylene  which  was  produced  on  the  process  tak- 
ing the  above-mentioned  countermeasures  is  shown 
in  Fig.  5.  This  result  shows  that  some  of  very  small 
contamination  are  detected  but  the  level  of  it  is 
extremely  low.  In  Fig.  6,  the  cumulative  volume  of 
contamination  of  general  purpose  polyethylene  manu- 
factured without  above  countermeasures  and  the 
insulating  polyethylene  of  submarine  cable  with 
countermeasures  is  shown.  This  result  shows  the 
volume  of  contaminant  decreases  approximately  one- 
fortieth  by  these  countermeasures. 

In  order  to  find  the  source  of  contamination,  the 
contamination  was  analyzed  by  Raser  Microprobe, 
type  JLM-2  by  Japan  Electron  Optics  Laboratory. 
Particles  in  which  inorganic  elements  could  not  be 
detected  are  assumed  to  be  organic  substances  and 
they  were  about  80%  in  number.  Inorganic  elements 
were  detected  from  particles  of  20%  and  were  Ca, 

Mg,  Ni,  Fe,  Al,  Cu,  Si,  etc.  They  are  supposed  to 
be  the  contaminants  mainly  from  the  producing  instru- 
ments, the  water  and  the  air.  The  organic  substances 
are  supposed  to  be  decomposed  or  burnt  polyethylene 
in  the  reactor  or  in  the  pelletizing  extruder. 


Fig.  5 Particle  size  of  contaminant  in  tape  of  100  g 
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Fig.  6 Cumulative  volume  of  contamination 


PROCESSABILITY 


The  submarine  coaxial  cable  is  manufactured 
covering  the  innerconductor  by  extruded  molten 
polyethylene.  The  extrudability  of  polyethylene  is 
influenced  by  the  melt  viscosity  at  the  extruding 
temperature  and  that  of  lower  average  molecular 
weight  polyethylene  is  excellent  because  of  lower 
melt  viscosity.  However,  in  order  to  satisfy  the 
mechanical  strength  of  the  cable  such  as  environ- 
mental stress  crack  resistance,  relatively  high  melt 
viscosity,  that  is,  high  average  molecular  weight 
polyethylene,  is  used  for  the  insulation  of  submarine 
cable. 

It  is  well  known  from  experience  that  the  diame- 
ter of  submarine  cable  is  so  large  that  voids  are 
formed  in  polyethylene  of  the  insulation  if  the  molten 
cable  is  quenched.  Therefore,  the  cable  is  cooled 
slowly  in  the  multitroughs  of  water  of  which  tem- 
perature is  stepwisely  decreasing.  However,  water 
permeates  into  the  polyethylene  on  the  cooling  process 
because  the  cooling  time  is  long  and  the  cable  is  im- 
mersed in  relatively  high  temperature  troughs  at  the 
initial  step.  Polyethylene  is  essentially  hydrophobic 
and  the  solubility  of  water  is  very  small.  Sometimes 
the  dielectric  loss  of  polyethylene  increases  by  the 
permeating  water  as  shown  in  Fig.  7.  This  result 
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shows  the  permeating  water  deteriorates  the  trans- 
mission performance  of  cable.  Fig.  7 also  shows 
that  the  increase  of  dielectric  loss  by  water  depends 
on  the  density  of  polyethylene.  The  increase  of  di- 
electric loss  of  higher  density  polyethylene  is  much 
more  than  that  of  lower  density.  Therefore,  in  the 
case  of  the  cable  of  SF  system  using  a relatively  low 
density  polyethylene,  there  was  no  problem  of  per- 
meating water.  On  the  other  hand,  in  the  case  of  SG 
cable,  problems  are  sometimes  caused  by  water. 

The  diameter  of  SG  cable  is  larger  than  SF  cable  to 
reduce  the  attenuation  of  signal.  And  the  dielectric 
loss  of  polyethylene  of  SG  system  is  reduced  to  a 
half  of  SF  system  and  density  becomes  high  to  satisfy 
the  dielectric  loss.  The  larger  cable  with  higher 
density  polyethylene  such  as  SG  cable  must  be  cooled 
more  slowly  to  avoid  void  formation  and  to  strengthen 
the  gripping  force.  As  the  result  of  this  cooling  con- 
dition, much  water  permeates  into  the  polyethylene. 
Furthermore,  the  dielectric  loss  increase  of  higher 
density  polyethylene  is  sensitive  to  water,  as  shown 
in  Fig.  7,  so  the  dielectric  loss  increases  to  a large 
extent.  As  for  the  cooling  conditions, slow  cooling  is 
desirable  to  avoid  the  void  formation  and  to  strength- 
en the  gripping  force.  But  quenching  is  desirable  to 
prevent  the  increase  of  dielectric  loss.  On  the  cable 
manufacturing  process,  the  cooling  condition  which 
satisfies  these  two  conflicting  conditions  must  be 
selected. 


Fig.  7 Effect  of  water  content  on  the  increase  of 
dielectric  logs  at  23°C,  30  MHz. 
Polyethylene  is  immersed  in  hot  water  and 
then  measured. 


Relationship  between  the  manufacturing  conditions 
and  water  content 


The  effect  of  manufacturing  conditions  on  the 
water  content  and  the  dielectric  loss  was  investigated 
by  the  model  cables  which  were  extruded  and  cooled 
stepwisely  in  multitroughs.  The  diameter  of  the 
insulation  and  the  core  of  the  model  cables  was 
46  mm  and  12  mm,  respectively.  The  model  cables 
were  cooled  by  the  conditions  shown  in  Table  4. 

The  water  content  of  the  cable  was  measured  by 
Du  Pon't  Moisture  Analyzer  type  26-321A,  As  shown 
in  Fig.  8,  the  cable  had  a large  distribution  of  water 


content  in  the  direction  of  the  cable  radius.  The 
surface  area  of  the  cable  had  a large  water  content 
because  the  diffusion  of  water  proceeds  from  the 
outer  surface  to  the  center.  The  distribution  of 
water  content  is  supposed  to  be  different  by  the  manu- 
facturing conditions.  In  this  paper,  the  water  content 
of  the  cable  is  discussed  by  the  average  content. 

Table  4 Water  trough  temperature  and  cooling  time 
on  model  cable  manufacturing 


Trough  number 

1 

2 

3 

4 

5 

Cooling  time  (min.  ) 

15 

10 

10 

25 

50 

105 

95 

70 

50 

20 

100 

90 

70 

50 

20 

Trough  temperature 

95 

90 

70 

50 

20 

rc) 

90 

80 

70 

50 

20 
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80 

70 

50 
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80 
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70 

50 
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Distance  from  surface(mm) 

Fig.  8 Distribution  of  water  content  in  the  insulation 
of  UBEC2020.  Extrusion  temperature  is 
185°C  and  first  trough  temperature  is  95°C. 

The  main  effective  manufacturing  conditions  on 
the  permeation  and  the  diffusion  of  water  into  poly- 
ethylene are  the  cooling  water  temperature  and  the 
extrusion  temperature.  The  effect  of  the  cooling 
water  temperature  on  the  water  content  are  shown  in 
Fig.  9.  This  result  shows  that  the  water  content 
increases  with  the  first  trough  temperature  and 
decreases  with  density  of  polyethylene  at  the  same 
trough  temperature  The  effect  of  the  extrusion  tem- 
perature on  the  water  content  are  shown  in  Fig.  10. 
The  water  content  increased  with  the  extrusion  tem- 
perature but  the  effect  is  small  in  comparison  with 
that  of  trough  temperature. 
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Fig.  9 Effect  of  cooling  water  temperature  on 
average  water  content 
Extrusion  temperature  is  185°C. 
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Fig.  10  Effect  of  extrusion  temperature  on  average 
water  content  of  UBEC2020.  First  trough 
temperature  is  95°C. 

The  water  content  of  the  cable  is  influenced  by 
many  factors  such  as  diffusion  and  solubility  of  water, 
the  crystallization  rate  of  polyethylene,  etc.  As 
water  doesn't  permeate  in  the  polyethylene  crystal, 
a large  amount  of  water  than  expected  is,  as  shown 
in  Fig.  11,  solubilized  at  the  temperature  where 
polyethylene  is  partially  melt.  And  the  solubility  of 
water  in  molten  polyethylene  is,  therefore,  very  high. 
The  crystallization  of  the  molten  cable  proceeds  in 
the  water  troughs.  From  these  facts,  it  is  supposed 
that  much  water  permeates  into  polyethylene  while 
the  cable  is  in  the  molten  state  before  crystallization. 
The  time  until  crystallization  is  determined  mainly 
by  the  cooling  water  temperature.  Therefore,  water 
content  of  the  manufactured  cable  is  influenced  by 
the  trough  temperature,  in  particular,  the  first 
trough  temperature.  These  results  show  good  coin- 
cidence with  the  calculated  results  by  simulation 
model  of  water  permeating  mechanism. 
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Fig.  11  Temperature  dependency  of  saturated 
water  content 


From  the  viewpoint  of  polyethylene,  the 
solubility  of  water  in  polyethylene,  as  shown  in 
Fig.  7,  has  an  intimate  relation  with  the  crystallinity 
(density)  and  water  is  more  soluble  in  lower  density 
polyethylene.  The  crystal  of  polymer  begins  to  melt 
at  the  temperature  lower  than  melting  point.  As 
water  is  soluble  in  amorphous  region,  the  solubility 
of  water  is  related  to  the  partial  melt  of  crystal. 
Therefore,  as  shown  in  Fig.  1 1,  the  solubility  of 
water  in  lower  density  polyethylene  is  higher  than 
that  in  higher  density  polyethylene  in  the  range  where 
polyethylene  crystal  partially  melts.  However,  as 
shown  in  Fig.  9,  at  the  reiatively  higher  temperature 
of  the  first  trough,  the  water  content  of  the  cable  of 
lower  density  polyethylene  is  much  higher  than  ex- 
pected from  the  difference  of  the  solubilities  of  higher 
and  lower  density  polyethylene.  This  shows  that  the 
crystallization  of  polyethylene  effects  on  the  water 
permeation  in  the  cable  cooling  process.  The  iso- 
thermal crystallization  rate  by  DSC  is  shown  in 
Fig.  12.  Polyethylene  film  was  fused  at  130°C,  then 
rapidly  cooled  to  measuring  temperature  and  kept  at 
the  temperature  in  DSC  cell  and  then  the  time  until 
exothermal  peak  was  measured.  From  these  results, 
in  the  case  of  the  same  first  trough  temperature,  the 
lower  density  polyethylene  begins  to  crystallize  later 
than  higher  density  one.  So  that  the  time  of  the 
molten  state  of  lower  density  polyethylene  is  longer 
and  the  water  content  is  higher  than  those  of  higher 
density  polyethylene.  Therefore,  water  content  of 
the  cable  is  influenced  by  both  solubility  of  water 
and  crystallization  rate. 
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When  the  cable  is  cooled  to  room  temperature, 
the  water  which  permeates  and  diffuses  into  polyethy- 
lene at  relatively  high  temperature  in  the  cable  manu- 
facturing process  remains  more  than  the  solubility 
of  polyethylene  at  room  temperature.  As  all  of  these 
remaining  water  cannot  be  soluble  in  the  amorphous 
region,  water  is  supposed  to  deposit  in  the  poly- 
ethylene. The  study  of  the  shape  of  the  remaining 
water  has  been  already  started.  8)  The  different 
shapes  of  the  remaining  water  are  supposed  to  give 
different  effects  on  dielectric  loss  of  polyethylene. 

The  dielectric  loss  increase  by  two  different  water 
absorption  methods  is  shown  in  Fig.  14.  The  di- 
electric loss  increase  by  these  two  methods  gives 
different  tendency.  The  difference  of  the  effect  of 
remaining  water  suggests  that  the  states  of  water  in 
these  two  samples  of  polyethylene  are  different. 


Fig.  12  Temperature  dependency  of  isothermal 
crystallization  by  DSC 
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Relationship  between  water  content  and  dielectric 
loss 


To  elucidate  the  relationship  between  the  water 
content  and  the  dielectric  loss  of  polyethylene,  the 
dielectric  loss  of  remolded  plaque  of  the  model  cable 
was  measured  at  30  MHz.  The  relationship  between 
water  content  and  dielectric  loss  is  shown  in  Fig.  13. 
The  dielectric  loss  increased  linearly  with  the  water 
content.  On  the  same  manufacturing  condition,  the 
water  content  of  higher  density  polyethylene  is  less. 
But  the  dielectric  loss  increase  at  the  same  water 
content  is  larger  than  those  of  lower  density  poly- 
ethylene. Therefore,  the  cable  manufacturing  con- 
dition which  minimizes  the  increase  of  dielectric  loss 
by  water  should  be  emphasized  for  the  higher  density- 
polyethylene.  As  shown  in  Fig.  13,  higher  extrusion 
temperature  increased  the  dielectric  loss  to  a large 
extent.  From  the  result,  lower  extrusion  tempera- 
ture is  recommendable  because  the  increase  of  di- 
electric loss  is  low  at  the  same  water  content.  As 
described  above,  the  increase  of  dielectric  loss  by 
remaining  water  is  not  simple  and  it  is  different  with 
the  types  of  polyethylene  and  manufacturing  conditions. 
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Fig.  14  Relationship  between  water  content  and 

dielectric  loss  at  23°C,  30  MHz  by  different 
absorption  method 


Void  formation 


For  the  optimum  cable  manufacturing  condition, 
not  only  the  water  content  but  the  grippi  lg  force  or 
void  formation  should  be  considered.  The  void 
formed  in  the  insulation  of  the  model  cable  was 
observed.  The  relationship  between  void  formation 
and  the  first  trough  temperature  is  shown  in  Fig.  15. 
The  results  of  model  cable  may  be  slightly  different 
from  commercial  cable  manufacturing  conditions. 
Therefore,  the  void  formation  influenced  by  the  first 
trough  temperature  might  be  a little  different.  But 
the  lowest  temperature  of  the  first  trough  to  have  void 
free  cable  is  supposed  to  be  between  the  void  forming 
and  void  free  temperature  shown  in  Fig.  15. 

In  fact,  these  temperature  range  shows  the  good 
coincidence  to  the  result  of  the  investigation  of  the 
optimum  manufacturing  condition  by  the  simulation 
model. 
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Fig.  13  Relationship  between  water  content  and 
dielectric  loss  at  23°C,  30  MHz  of  model 
cables 
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CONCLUSION 

Low  dielectric  loss  polyethylene  for  the  insula- 
tion of  submarine  coaxial  cable,  UBEC1010  for  SF 
and  UBEC2020  for  SG,  have  been  developed.  They 
are  excellent  in  properties  such  as  dielectric  pro- 
perties and  mechanical  strength  and  also  their  level 
of  contamination  is  very  low.  By  the  optimum  manu- 
facturing conditions  of  lower  trough  and  extrusion 
temperature,  the  cable  without  void  and  with  low  di- 
electric loss  could  be  manufactured.  UBEC1010  was 
supplied  to  produce  the  second  Trans-Pacific  Cable 
(TPC-2),  the  cable  of  CS-36M  system  of  NTT,  etc. 
UBEC2020  for  SG  system  was  supplied  to  produce  the 
sixth  Trans- Atlantic  Telephone  Cable  (TAT-6). 
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THROUGH  THERMOPLASTIC  ELASTOMERS 
by 
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Abstract 

Processing  cost  and  energy  expenditure  are 
evaluated  in  several  specific  end-use  wire  types  where 
thermoplastic  elastomers  may  compete  directly  with 
thermoset  rubbers  and  thermoset  plastics.  Energy  for 
fabrication  is  treated  and  compared  in  these  examples, 
as  is  general  cost  applicable  to  each  fabrication  mode, 
considering  insulating  and  jacketing  materials  uti- 
lized. A fundamental  property  of  all  material  for  wire 
and  cable  is  cost  contribution  to  the  finished  product, 
from  conductor  to  printing  ink.  Insulation  and  jacket- 
ing materials  meeting  performance  requirements  for  most 
applications  are  chosen  largely  on  the  basis  of  pound- 
volume  cost.  However,  coupled  to  each  thermally  cured 
insulation  or  jacket  material  is  a processing  cost  and 
energy  expenditure,  dependent  upon  each  specific  wire 
and  cable  type,  CV  equipment  available  and  running 
rate.  With  the  awareness  of  high  energy  cost,  of 
projected  higher  cost  and  of  a potentially  energy  short 
society,  efficient  processing  and  efficient  processing 
energy  utilization  to  produce  acceptable  wire  and 
cable  products  become  important  planning  and  economic 
variables.  BTU  input  is  as  much  a cost  in  the  final 
wire  product  as  the  price  paid  for  basic  materials 
requiring  a cure.  This  BTU  input  is  examined  for 
three  specific  wire  types. 

Scope;  Product  Cost  Efficiency  through  Thermop 1 istjc 
Elastomers 

Wire  and  cable  costs,  processing  and  materi- 
als, are  economic  matters.  Treatments  of  comparative 
economics  for  wire  and  cable  fabrication  on  a plastic 
extrusion  line  versus  a CV  line  have  been  made  in  the 
past;  the  scope  of  those  treatments  have  been  complex 
and  have  attempted  to  be  all  encompassing.  To  be  all 
encompassing,  the  generalizations  and  assumptions  have 
been  necessarily  so  broad  (capital  and  labor  estimates), 
and  so  limited  (one  specific  wire  type)  that  the  bottom 
line  economics  is  representative  of 

a)  no  one  wire  and  cable  company/product 

b)  all  wire  and  cable  companies/products 

both  at  the  same  time.  This  absurdity  results  in  an 
economic  example  of  limited  utility. 

Why  is  this  so?  As  each  wire  and  cable 
businessman  knows,  his  raw  materials  cost,  his  over- 
head, his  labor,  his  capital  amortization,  his  line 
maintenance,  his  plant  space,  his  equipment  utilization, 
his  scrap  rate,  his  product  mix,  his  running  rates  are 
probably  unique  to  his  company,  aid  virtually  unknown 
in  the  sense  he's  not  able  to  dissect  the  combination 
of  numbers  which  represent  one  wire  line,  or  the  exact 
costs  for  one  wire  type.  While  comparisons  of  this 
nature  are  instructive,  the  result  can  be  misleading. 

In  the  real  world,  one  extrusion  line,  or  product  line 
isn't  usually  a separate  entity;  it  is  part  of  a whole 


line  of  production  equipment,  and  as  such,  is  "luir  ed 
in"  with  the  rest.  Singling  out  a separate  entity 
and  showing  its  economics  simply  doesn't  have  meaning 
within  this  grouped  overhead  framework. 

Most  everyone  is  happy  with  the  preceding 
assessment  of  the  economic  system  as  it  prevails. 
Accepting  this  economic  viewpoint  does,  however,  have 
its  combination  of  weaknesses  and  dangers  because  it 
says  only  that  the  roots  of  economic  incentive  to  use 
thermoplastic  elastomer  as  a substitute  for  CV  cured 
rubber  is  difficult  to  quantify,  universally , for  all 
wire  and  < able  people  and  all  wire  and  cable  types  in 
a single,  overall  view.  This  does  not  weaken  the 
total  economic  incentive  to  substitute  thermoplastic 
elastomer  for  thermally  cured  rubber;  it  simply  points 
out  that  the  degree  and  extent  of  this  incentive  will 
vary  from  one  wire  and  cable  company  to  another.  Intu- 
itively, we  know  real  overall  economic  advantages 
exist,  in  less  labor,  lower  capital  expenditure,  and  in 
faster  production  rates  for  TPE's.  The  important  con- 
clusion that  is  reached  is  that  assessment  of  these 
advantages  must  be  made  on  an  individual  basis,  company 
by  company,  to  seriously  quantify  the  economic  incen- 
tive, the  product  cost  efficiency  aspect  and  option, 
that  is  inherent  in  the  concept  of  thermoplastic  elas- 
tomer. Any  attempt  to  "average"  everyone  and  say  it 
applies  to  all,  is  folly.  It's  as  serious  a mistake, 
however,  to  dismiss  the  entire  overview  without  a 
realistic  in-house  look  at  the  advantages  offered  in 
lower  labor  costs,  lower  capital  expenditure  for  ex- 
trusion equipment  and  faster  rates  possible  through 
thermoplastic  elastomers. 

These  thoughts  are  summarized  in  Figure  1, 
with  the  notable  exception  of  capital  savings  inherent 
in  a plastic  line  versus  a CV  line.  You'll  notice 
there  are  no  numbers  attached  to  any  of  the  relative 
processing  costs,  because  they're  your  costs. 


56 


Fixed 

Overhead 

_ 

Other 

_ 

Variable 

Fixed 

Utilities 

Overhead 

- 

Other 

- 

Variable 

Utilities 

- 

Labor 

- 

Labor 

Thermally  Thermoplastic 

Cured  Material  Elastomer 


Figure  1.  Overall  Processing  Economics 

Labor  costs  are  lower  to  process  thermoplastic  vs 
thermally  cured  rubber,  either  from  a manpower  assign- 
ment basis  to  keep  the  lines  running,  maintenance,  or 
labor  translated  to  a labor -dollars  per  thousand  feet 
due  to  slower  thermally  cured  rubber  processing  rates 
vs  thermoplastic  rubber.  Fixed  overhead  is  less  for 
thermoplastic  rubber;  no  capital  expenditure  for  a 
steam  generator,  or  steam  tube  is  required.  Does  it 
apply  to  me?  What  are  the  savings?  these  are  impor- 
tant questions,  with  unique  answers  for  each  wire  and 
cable  manufacturer  addressing  them,  especially  if  he's 
under  capacity  or  finding  it  necessary  to  expand  pro- 
duction in  certain  product  lines. 

This  is  an  extensive  qualification  of  the 
economic  scope,  but  necessary  and  realistic.  Uni- 
versally, real  advantage  exists  to  using  TPE's.  We're 
not  capable  of  combining  and  quantifying  the  full 
economic  scope  ot  thermoplastic  elastomers  as  they  lit 
the  wire  and  cable  industry;  however,  we  suggest  each 
of  you  work  through  the  exercise  in-house  and  discover 
what  the  choice,  and  option,  is  worth. 

Among  all  of  these  variables,  there  is  one 
that  is  universally  applicable:  that  small  part  of  the 

energy  and  economic  process  concerned  with  the  supply 
of  BTU's  necessary  to  make  CV  steam,  and  the  amount  of 
BTU's  required  to  cure  each  pound  of  extrudate.  It's 
a simple  series  of  multiplications  to  get  to  dollars 
and  cents  from  BTU's.  This  limited  treatment  repre- 
sents the  first  step  in  viewing  the  whole  economic 
picture,  and  is  but  a small  contributor  to  the  overall 
savings  achievable  through  thermoplastic  elastomers. 
Additional  steps  must  follow  if  we  wish  to  determine 
the  full  economic  advantage  outlined  within  the  scope. 

To  make  this  treatment  useful  and  relevant, 
we've  selected  flexible  cords,  automotive  primary 
wiring,  and  welding  cable  for  the  basis  of  our  compari- 
son. We  feel  ELEXAR™  Rubber,  a family  of  thermoplastic 
elastomers,  offers  an  alternative  in  these  specific 
wire  types.  ELEXAR  grades  are  currently  being  used  in 
these  constructions,  are  submitted  to  11. L.  for  per- 
formance testing,  or  have  demonstrated  applicability 
in  laboratory  and  field  trials.  These  materials  do  not 
require  a CV  cure. 


The  Limited  Scope:  Direct  Savings  through  i he neof> las- 

t i i F last  t)n  «-rs 

The  energy  treatment  is  made  in  a simple 
manner  and  can  serve  as  a working  model  for  anyone 
wishing  to  make  comparisons  for  various  wire  types 
within  his  company.  If  you  know  the  amount  of  fuel 
input  to  your  steam  generator,  can  time  its  cycling 
with  a stopwatch,  know  the  length  of  your  CV  tube, 
know  your  fuel  type  (gas,  oil,  coal),  and  know  the 
running  rate  of  the  wire  product,  you're  in  business. 
There  are,  however,  several  other  variables  to  consid- 
er, and  we'll  address  those. 

P r era ises 

In  attempting  to  quantify  the  number  of  BTU's 
necessary  to  cure  rubber  product,  only  two  inputs  are 
necessary;  knowledge  of  running  rates  and  a knowledge 
of  steam  generators. 

I . Running  Rates 

The  linear  speed  extrusion  rate  of 
thermally  cured  wire  insulation  is  generally  a function 
of  residence  time  required  to  accomplish  cure  in  the 
tube.  This  rate  varies  as  a functior  of  insulation 
thickness,  wire  construction,  CV  tube  length  and  choice 
of  curing  chemicals.  Generally,  extruder  output  is  not 
rate  limiting.  In  order  to  calculate  the  number  of 
BTU's  used  per  pound  of  extrudate  going  down  the  tube, 
a knowledge  of  running  rates  is  essential. 

With  this  thought  in  mind,  a questionnaire 
was  mailed  to  about  forty  wire  and  cable  companies. 

The  questionnaire  explained  the  purpose  of  this  paper, 
and  asked  that  running  rates  for  welding  cable  (2/0), 
flexible  cords  (rubber)  and  automotive  primary  wire 
(XLPE)  be  supplied,  along  with  extruder  size  and  CV 
tube  length.  The  answers  varied  from  company  to  com- 
pany, but  not  too  greatly.  Data  revealed  in  these 
questionnaires  form  the  basis  for  extrusion  rates 
cited  in  this  paper. 

II.  if  (-rn<  rat . r s and  CV  1 uK-s 


In  gathering  data  for  steam  generators 
and  CV  tubes,  we  queried  four  manufacturers  and  several 
very  helpful  wire  and  cable  companies.  Much  like  any 
other  group  of  experts  in  their  field,  they  didn't 
reach  a consensus,  or  find  universal  agreement.  After 
all,  each  generator,  each  CV  line  had  its  own  combina- 
tion of  efficiencies  and  leaks,  and  a single  BTU  number 
applying  to  everyone  should  be  viewed  with  some  suspi- 
cion. The  variability  of  steam  generator  efficiency 
plavs  an  important  part  in  determining  the  input  BTU's 
required  to  provide  steam:  it's  no  small  matter  to 
have  a good  idea  of  efficiency  when  making  calculations. 
We've  been  conservative  in  our  analysis,  using  an  80% 
efficiency  in  making  input  calculations  in  our  natural 
gas  fired  steam  generator  example.  It  your  boiler  is 
old,  your  efficiency  may  be  as  low  as  60%.  An  appro- 
priate adjustment  in  BTU  input  would  be  necessary  in 
these  cases.  I think  the  energy  input  we've  developed 
in  our  examples  is  probably  typical  of  what's  found  in 
the  wire  and  cable  industry  for  a 200  foot  CV  tube, 
and  a 400  foot  CV  tube,  with  an  efficient  (80%+)  steam 
generator. 


As  indicated  earlier,  it's  a simple  matter 
to  calculate  a BTU  input  number  for  your  CV  operation, 
and  develop  a number  unique  to  your  line;  you'll  easily 
discover  how  efficient  your  particular  steam  generator 
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Is,  and  the  exact  input  in  BTU’s  required  to  keep  your 
CV  line  at  temperature  and  pressure. 

Purpose:  A BTU  saved  is  a penny  earned 

How  many  BTU's  per  mile  of  completed  cable  do 
you  spend?  In  the  final  analysis,  is  it  justifiable, 
economically,  to  choose  a material  solely  on  a pound 
volume  cost,  or  are  processing  considerations,  rates 
and  energy  input,  just  as  important?  Suppose  your 
corporate  energy  czar  is  doing  an  effective  job,  and 
says,  let’s  cut  our  BTU  consumption  by  10Z  this  year 
but  maintain  or  improve  output.  Or  he  says,  our 
natural  gas  allotment  has  been  reduced  *>0%;  make 
acceptable  wire  product  and  use  less  natural  gas. 
Suppose  you're  running  at  full  capacity  and  want  to 
expand  production  without  further  capital  expenditure. 
Thermoplastic  elastomers  offer  some  interesting  possi- 
bilities for  saving  BTU’s  and  expanding  capacity  at 
the  same  time. 

The  BTU  Nomograph 

Figure  2 represents  one  part  of  a simple 
nomograph  we'll  use  to  read  directly  the  number  of 
BTU's  expended  to  make  automotive  primary  wire  (XLPE) , 
welding  cable  (2/0)  and  flexible  cords  (rubber). 


about  residence  time;  they  function  independently  of 
extrusion  rate.  The  real  time  to  produce  cable,  1000 
feet  of  cable  in  our  analysis,  is  on  the  same  timing 
line  as  the  steam  generator,  producing  steam  by  burning 
fuel . 

In  Figures  3A  and  3B,  we  have  the  second 
portion  of  our  nomograph.  In  these  figures,  STU  input 

Tube  "A"  200*  Length.  4"/2  1/2" 

! Reduced  Dimeter 
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Figure  2.  Production  of  1000  ft  of  Cable 

On  the  vertical  axis  in  Figure  2 is  running  rate,  feet 
per  minute.  On  the  horizontal  axis  is  a minutes  scale. 
The  hyperbolic  curve  in  the  field  of  the  graph  repre- 
sents the  production  of  a 1000  foot  length  of  cable. 

For  example,  if  you're  runni  g at  a rate  of  100  feet 
per  minute,  it  takes  10  minutes  to  produce  1000  feet 
of  cable.  Selecting  any  point  on  the  running  rate 
axis  gives  a coordinate  for  the  real  time  necessary  to 
produce  1000  feet  of  cable.  This  should  not  be  con- 
fused with  residence  time  in  the  tube  to  accomplish 
curing.  The  CV  tube  and  steam  generator  do  not  care 
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to  a steam  generator  is  related  to  a time  line.  For 
a period  of  60  minutes,  we  find  (at  the  right  end 
point  of  the  time  line)  the  number  of  BTU's  required 
to  fire  a steam  generator  just  sufficiently  to  main- 
tain the  CV  line  with  250  psl  steam,  and  cycling  at 
equllibriui  . This  BTU  input  varies  as  a function  of 
tube  length  and  diameter,  and  heating  fuel  utilized. 

The  example  used  for  the  200  foot  CV  tube, 
Figure  3A,  is  taken  over  a year's  time  production 
experience,  and  reflects  actual  measurements  for  a CV 
line  and  oil  fired  steam  generator  in  place.  Five 
gallons  of  02  diesel  fuel  oil  is  consumed  per  hour. 
Armed  with  the  BTU  content  of  02  diesel  fuel  oil 
(approximately  140,000  gross  BTU/gallon),  it's  a 
simple  matter  to  calculate  the  number  of  BTU's  used 
to  maintain  equilibrium  conditions  in  tube  A. 


. 


Another  expert  source  indicated  1000  lbs  of 
steam  per  hour  was  required  to  maintain  equilibrium 
conditions  for  a 400  foot,  6 inch  diameter  CV  tube 
(Figure  3B)  . Using  steam  tables,  and  assuming  an  802 
efficient  gas  fired  steam  generator,  this  steam  demand 
is  translated  into  BTU  input  required  to  maintain  equi- 
librium. This  demand  Is  easily  translated  into  cubic 
feet  of  natural  gas  assuming  1000  BTU/cubic  foot. 


Specific  Examp  1 es/Calculat ions 

Based  upon  extrusion  rates  volunteered  in  the 
questionnaire,  and  our  knowledge  of  BTU's  to  supply 
steam  we  can  now  make  calculations  using  specific  wire 
constructions  as  examples. 

I . Automotive  Primary  Wire 


Using  the  current  price  of  02  diesel  fuel 
oil  (36c/gallon,  taxes  not  included),  and  the  price  of 
1975  intrastate  natural  gas  (185c/mcf ) , 1 ^ BTU's  may  be 
converted  directly  to  dollars  and  cents.  This  is  done 
in  Figures  3A  and  3B.  If  your  costs  for  oil  and  gas 
differ  significantly  from  these,  it  is  a simple  matter 
to  substitute  your  cost,  and  make  appropriate  calcula- 
tions with  your  fuel  prices. 

If  we  combine  Figures  2,  3A  and  3B  to  produce 
Figure  4,  we  have  a nomograph  that  has  some  utility  and 
universal  validity  to  calculate  the  BTU  input  required 
to  make  a cured  rubber  wire  or  cable  product. 
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Detailed  examination: 

Conductor:  16  AWG  stranded 

Wall:  32  mil 

Insulation:  XLPE 

Sp.  Cr. : 1.38 

Insulation  weight/M':  5.4  lbs 

Case  A:  Tube  "B",  800  feet/minute  extrusion 

rate 

From  Figure  4,  1.25  minutes  are  required. 
Tracing  the  vertical  time  line  at  1.25  minutes,  we  find 
30,000  BTU's  were  necessary  to  make  1000  feet  of  cable, 
at  a cost  of  5.55c. 

Calculating  BTU's  per  pound:  30,000  BTU's/ 

5.4  lbs  - 5560  BTU's/lb. 

Calculating  cents  per  pound:  5.55C/5.4  lbs  * 

1.03/lb. 

Additional  information:  insulation  residence 

time  in  tube  is  0.5  minutes. 

Case  B:  Tube  "A",  400  feet/minute  extrusion 

rate 

From  Figure  4,  2.5  minutes  are  required. 
Tracing  the  vertical  time  line  at  2.5  minutes,  we  find 
29,400  BTU's  were  necessary  to  make  1000  feet  of  cable, 
at  a cost  of  7 . 5C . 

Calculating  BTU's  per  pound:  29,4£)0  BTU's/ 

5.4  lbs  = 5440  BTU's/lb. 

Calculating  cents  per  pound:  7.5c/5.4  lbs  = 

1. 39c /lb . 

Additional  information:  insulation  residence 

time  in  CV  tube  is  0.5  minutes. 

If  insulation  residence  times  of  1 minute  in  the  CV 
tube  is  more  typical  to  accomplish  cure,  then  BTU's/ 
lb  and  cents/lb  numbers  are  doubled  in  both  cases. 

II . Welding  Cable 

Detailed  examination: 


FifMf*  4.  Btu  Nomograph 

For  example,  suppose  we  have  a CV  cured 
product  we  run  at  100  feet/minute.  To  make  1000  feet 
of  product  requires  10  minutes;  for  the  10  minute 
period  the  steam  generator  produces  250  psi  steam. 
Following  the  dotted  10  minute  vertical  time  line  in 
Figure  4,  we  find  1.16  x 10^  BTU '9  were  consumed  at  a 
cost  of  30C  for  tube  "A".  For  tube  "B" , 2.4  x 10^ 
BTU's  were  consumed  at  a cost  of  44.4c.  This  is  the 
energy  fee  paid  to  produce  1000  feet  of  cable  in 
either  tube  A or  B,  respectively,  extruding  insulated 
wire  at  100  feet/minute. 

1)  Source  DRI  *76  Energy  outlook. 


Conductor:  2/0,  stranded 

Wall:  100  mil 

Jacket:  Polychloroprene 

Sp.  Gr.:  1.2 

Insulation  weight/M'  * 82  lbs 

Case  A:  Tube  "B" , 50  feet/minute  extrusion 

rate 

From  Figure  4,  20  minutes  are  required. 
Tracing  the  20  minute  time  line,  480,000  BTU’s  are 
required  to  make  1000  feet  of  cable,  at  a cost  of 
88.8c. 
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BTU's  per  pound: 

480,000  BTU ' s/82  lbs  - 

Summary 

5850  BTU's/ lb. 

I. 

The  Present 

Cents  per  pound: 

88.8C/82  lbs  = 1.08c/lb. 

Working  with  a few 

basic  assumptions  for 

Residence  time: 

8 minutes. 

extrusion 

rates,  and  several 

specific  wire  types,  our 

calculations  are  summarized  in  Table  I. 


III.  Flexible  Cords 

Detailed  examination:  SJ,  16/3 

Singles 


TABLE  I 


Wire  Type 

CV 

Tube 

Extrusion 
Rate , 
f t/min 

Residence 
T irae , 
min 

BTU's/ 

1000 

ft 

APW  (XLPE) 

"B" 

800 

0.5 

30,000 

"A" 

400 

0.  5 

29,400 

Welding  Cable 
Flexible  Cords, 
SJ 

"B" 

50 

8.0 

480,000 

Singles 

"A" 

500 

0.4 

23,330 

Jacket 

"A” 

200 

1.0 

58,300 

Conductor:  16  AWC,  stranded 

Wall:  30  mil 

Insulation:  SBR 

Sp.  Cr . : 1.25 

Insulation  weight/M'  = 4.44  lbs. 

Jacket 

Conductor:  3 cabled  singles  + filler 

Wall:  30  mil 

Jacket:  SBR 

Sp.  Cr. : 1.25 

Jacket  weight/M'  = 16.3  lbs. 

Case  A:  Tube  "A" 

This  is  a composite  construction.  We 
will  consider  an  extrusion  rate  of  500  fpm  for  the 
singles*  and  200  fpm  for  jacketing  the  cord. 

Singles 

2 minutes  are  required,  representing 

23.300  BTU,  at  a cost  of  6c  for  each  1000  foot  length 
of  insulated  single: 

BTU's  per  pound:  23,300  BTU' s/4. 44  lbs.  = 

5250  BTU 's/lb. 

Cents  per  pound:  6c/4.44  lbs.  = 1.35c/ lb. 

Jacket 

5 minutes  are  required,  representing 

58.300  BTU's  at  a cost  of  15c  for  1000  feet  of  com- 
pleted cord: 

BTU's  per  pound:  58,300  BTU's/ 16. 3 lbs.  = 

3580  BTU' s /lb. 

Cents  per  pound;  1 5c / 16.3  lbs.  =“.920/16. 

Treatment  of  only  these  wire  types  in  our 
analyses  should  not  be  interpreted  as  the  total  scope 
of  thermoplast ic  elastomers  as  suitable  replacements 
for  thermally  cured  insulations  and  jackets.  We  could 
have  more  completely  included  comparisons  for  vertical 
and  horizontal  flame  retardant  125°C  appliance  wiring 
materials  on  smaller  gauge  wires.  ELEXAR  grades  for 
these  applications  have  been  extruded,  and  have  been 
submitted  to  U.L.  for  performance  testing.  Similarly, 
125°C  fixture  wire  submittals  are  being  performance 
tested  at  U.L.,  with  ELEXAR  Rubber  as  the  insulating 
material.  Battery  cable  and  trailer  cable  offer  simi- 
lar bases  for  comparison,  hut  have  not  been  treated 
within  this  paper. 


We've  treated  three  wire  types,  each  with  a 
different  insulating  material,  ranging  in  wall  thick- 
ness from  30  to  100  mils,  with  conductor  sizes  from  16 
to  2/0,  with  running  rates  of  50  to  800  feet/minute, 
on  CV  lines  of  200  to  400  foot  lengths  and  find  the 
spread  of  BTU's  expended  to  be  3580  to  5850  BTU's/ lb, 
and  the  cost  of  CV  BTU's  to  range  from  1.0c  to  1.50c/ 
lb.  It's  probably  reasonable  to  adjust  these  figures 
upwards  by  10  to  20%  if  we  allow  for  CV  steam  used 
during  non-equilibrium  steam  maintenance  conditions, 
such  as  breaks/string  up/blowdown,  warming  the  tube, 
time  to  center  insulation,  and  job  changes.  In  all 
these  instances,  the  steam  generator  is  running  and 
using  BTU's,  and  making  an  energy  intensive  contribu- 
tion to  the  finished  product  cost.  Choosing  a 15% 
adjustment,  a range  of  1.15c  to  1.70c  per  pound  to 
thermally  cure  appears  reasonable.  Additionally,  if 
your  rates  are  slower  than  those  indicated,  a penalty 
is  paid  in  BTU's  used  per  pound,  and  cents  per  pound. 

II . The  Future 

Gas  and  oil  BTU's  of  the  future  are  going  to 
be  more  costly.  The  uncertainty  associated  with  natur- 
al gas  availability,  and  restricted  usage,  forces  us  to 
consider  each  possibility  for  minimizing  or  eliminating 
this  fuel  choice.  If  you're  concerned  with  the  longer 
range  energy  outlook  and  energy  conservation,  as  they 
affect  your  decisions  on  the  types  of  equipment  put  on 
the  floor,  and  energy  contribution  to  product  cost, 
then  consider  Figure  5.  In  the  next  four  years,  natur- 
al gas  prices  (intrastate),  and  No.  2 diesel  fuel  oil 
prices,  are  projected  to  increase  by  26%  and  32%, 
respectively.  In  1985,  prices  for  these  fuels  will  be 
55%  to  59%  higher  than  today’s,  respectively.  These 
projections  are  those  of  Data  Research  Incorporated 
(June  1976)  and  are  based  upon  current  dollars.  In 
Figure  6,  we've  applied  these  projected  increases  in 
energy  costs  to  our  cost-savings  per  pound  analysis. 

In  1985,  the  range  will  be  1.8c  to  2.70c  per  pound  to 
thermally  cure. 
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Figure  5.  Predicted  Trends  in  Fuel  Prices 
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Function  of  Increasing  Energy  Costs 


Conclusions 

An  overall  energy  savings  perspective  can  be 
developed  if  we  consider  the  energy  Intensive  nature 
of  one  CV  line.  A 400  foot  CV  line  making  thermally 
cured  product  two  shifts  a day  requires  40,000  gallons 
of  fuel  oil  per  year,  with  a steam  generator  operating 
at  80%  efficiency.  A 60%  efficient  generator  will 
require  more  than  52,000  gallons!  Add  to  that  another 
energy  expenditure  for  non-equilibrium  steam  usage  con- 
ditions in  warming  a cold  CV  tube,  or  blowing  down, 
and  the  total  increases  again.  This  magnitude  of 
energy  expenditure  represents  the  direct  saving  possi- 
ble through  thermoplastic  elastomer. 


Extending  this  cost/savings  concept,  if 
additional  extruder  output  is  available,  and  the  rate 
limiting  CV  tube  is  now  out  of  the  picture,  then  oppor- 
tunities for  faster  extrusion  rates  are  possible  with 
thermoplastic  elastomer.  How  do  faster  extrusion  rates 
contribute  to  overall  product  cost  efficiency?  If  the 
extrusion  rate  Is  doubled  with  thermoplastic  elastomer, 
for  every  eight  hour  shift  necessary  to  thermally  cure 
a wire  product,  only  four  hours  are  now  required  to 
make  equal  production.  The  remaining  four  hours  are 
available  for  additional  production.  This  is  added 
capacity  at  no  additional  capital  expenditure.  Second- 
ly, the  labor  cost  per  1000  feet  of  wire  has  been  cut 
in  half,  assuming  equal  manpower  allotment  to  either  a 
CV  or  plastic  line. 

What  is  the  magnitude  of  these  savings?  Our 
scope  says  there  is  no  universally  acceptable  answer 
which  will  apply  to  al 1 wire  and  cable  companies.  How- 
ever, for  the  obvious  exception,  the  case  in  which  it 
is  necessary  for  a wire  and  cable  company  to  expand 
production  capacity  by  adding  more  CV  lines,  a definite 
and  real  option  is  provided  by  thermoplastic  elastomer: 
The  option  to  put  plastic  extrusion  equipment  on  the 
floor  instead  of  CV  equipment.  This  difference  might 
be  a $100,000  capital  expenditure  savings. 

Thus,  a hierarchy  of  product  cost  efficien- 
cies are  established  for  thermoplastic  elastomers, 
starting  with  energy  savings: 

1)  BTU' s/pound  cost  for  thermally  cured  insula- 
tions and  jackets  * cents/pound  savings  for  thermo- 
plastic elastomers. 

2)  Cost  efficiencies  in  labor  and  added  capacity 
through  faster  extrusion  and  production  rates  for  ther- 
moplastic elastomer. 

3)  Cost  efficiencies  in  capital  expenditure 
provided  by  the  option  to  choose  a plastic  extrusion 
line  rather  than  a CV  line  to  expand  capacity. 

The  sum  total  will  always  include  energy  cost  savings, 
projected  to  rise  significantly  in  the  next  ten  years. 
The  magnitude  of  other  cost  efficiencies  will  vary  for 
each  wire  and  cable  company,  and  will  depend  upon  a 
realistic,  in-house  overall  economic  assessment  to 
quantify  the  advantage  found  in  the  option  provided  fcv 
thermoplastic  elastomers  to  replace  thermally  cured 
materials . 

We'll  close  modestly:  One  million  pounds  of 

thermoplastic  elastomer  substituted  for  one  million 
pounds  of  thermally  cured  material  represents  an 
energy  saving  of  about  38,000  gallons  of  fuel  oil.  In 
a world  of  fuel  allocations,  rising  fuel  prices,  and  a 
necessity  to  conserve  energy,  thermoplastic  elastomers 
make  sense. 
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CONTAMINANT  TRACE  GAS  TESTING  OF  LEAD-STABILIZED  POLYMERIC  COMPOUNDS 
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Two  alternative  formulations  of  a PVC 
compound  destined  for  use  in  telephone 
retractile  cords  have  been  tested  for  resis- 
tance to  discoloration  in  corrosive  environ- 
ments. The  test  atmospheres  included  H2S, 

NO2,  and  SO2  gases  in  moist  air,  at  concen- 
trations 2-68  times  those  of  severe  field 
environments.  Gas  concentrations  were 
continuously  monitored  throughout  the  tests. 
Samples  formulated  with  a liquid  Ba-Cd-Zn 
octoate  stabilizer  showed  no  significant 
color  degradation.  Samples  stabilized  with 
tribasic  lead  sulfate  showed  significant 
discoloration,  the  total  color  differences 
exceeding  reasonable  tolerances  by  factors  of 
2. 6-5. 9.  The  studies  establish  the  color 
stability  of  the  liquid  stabilizer  and  imply 
that  lead-stabilized  polymers  without  further 
protective  treatment  are  unsuitable  for  color- 
sensitive  applications  in  severely  contami- 
nated field  atmospheres. 

Introduction 

Polymer  formulations  that  utilize  lead 
compounds  as  stabilizers  are  widely  used 
throughout  the  communications  industry.  These 
formulations  generally  demonstrate  good 
process  stability  characteristics  while  also 
satisfying  end-product  performance  criteria. 
The  suitability  of  such  formulations  for 
applications  demanding  color  stability  has 
been  uncertain,  however,  because  of  the 
possibility  of  color  modification  resulting 
from  atmospheric  contaminant  interactions. 

This  paper  reports  the  results  of  con- 
trolled exposures  of  polymers  stabilized  with 
leaded  and  unleaded  compounds  to  a simulated 
atmosphere  containing  several  corrosive  gases. 
The  techniques  for  generating  and  monitoring 
such  test  atmospheres  were  developed  as  part 
of  this  study,  and  are  described  below.  The 
formulation  of  the  polymers  and  the  design  of 
the  exposure  tests  is  discussed  next.  In 
the  final  section,  the  results  are  presented 
and  conclusions  drawn. 

Generation  and  Monitoring  of 

Mixed  Gas  Atmospheres 

The  experimental  apparatus  utilized  in 
these  tests  is  shown  schematically  in 
Figure  1.  Within  the  environmental  chamber 
the  carrier  atmosphere  of  1:4  02^2  is 
generated  from  laboratory  pressurized  gas 
supplies,  and  maintained  by  a pressure  switch 
feed  mechanism  designed  to  ensure  a slight 
overpressure  within  the  chamber.  The  desired 
relative  humidity  is  achieved  by  controlled 
boiling  of  deionized  water  into  the  chamber. 
The  corrosive  trace  gases  are  injected  into 
the  chamber  through  variable  leak  valves, 
followed  by  timed  solenoids. 

Concentration  measurements  of  each  of 
the  trace  gases  are  made  continuously, 
utilizing  techniques  that  are  specific  to 


the  gas  in  question.  Hydrogen  sulfide  is 
detected  by  its  reaction  with  lead  acetate- 
impregnated  filter  tape: 


Pb(CH3C02)2  + H2S(g)  - PbS  4 + 2H(CH3CC>2). 


The  resulting  lead  sulfide  precipitate  is 
monitored  by  light  transmission.  Nitrogen 
dioxide  is  monitored  by  passing  the  air  sample 
over  a reducing  catalyst,  reacting  the 
resultant  nitric  oxide  with  ozone,  and 
monitoring  the  light  intensity  of  the  chemi- 
luminescent reaction: 


Red  3 * 

NO.,  „ y NO  - NO,  -»  NO?  + hv,  . 
2 Cat.  2 * 1 


Sulfur  dioxide  is  detected  by  pulsed 
fluorescence  techniques: 


^ - 2 * 

S02  * S02  ■»  S02  + hv2  . 


The  measured  concentrations  are  recorded  by 
strip  chart  and  digital  encoding  techniques, 
and  reduced  and  plotted  by  suitable  computer 
codes. 

The  experimental  apparatus  shown  on 
Figure  1 was  designed  to  generate  corrosive 
trace  gases  in  concentrations  of  '''50-500  ppbv. 
These  concentrations  are  readily  detectable 
by  the  techniques  described  above,  and 
provide  a range  of  ^1-10  times  typical 
atmospheric  concentrations  for  N02  and  S02. 

The  atmospheric  concentrations  of  H2S  are  not 
regularly  measured  and  specification  of 
typical  values  is  thus  uncertain.  We  discuss 
this  point  more  fully  below. 

As  gas  samples  are  withdrawn  from  the 
chamber  by  the  sampling  instruments, 
corrosive  and  carrier  gases  are  added  at 
rates  determined  by  the  variable  leak  valve/ 
solenoid  control  settings.  Induction  times 
of  several  days  are  found  necessary  to 
achieve  stable  concentrations  of  the  trace 
gases.  These  effects  have  been  determined 
to  be  consequences  of  adsorption  onto  solid 
surfaces  and  absorption  into  aqueous  surface 
films.  The  sorption  processes  vary  in 
magnitude  with  each  of  the  trace  gases  used. 
Because  of  these  effects,  and  because  of  the 
gas  phase  reactions  that  occur  among  certain 
trace  species, ^ it  appears  impossible  to 
accurately  specify  gas  concentrations  in 
laboratory  environmental  testing  unless 
continuous  measurement  techniques  are 
utilized. 
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Figure  1.  Schematic  diagram  of  the  experimental  apparatus. 


Polymer  Formulations 

The  polymer  formulations  tested  were 
alternates  developed  for  possible  use  as 
telephone  retractile  cord  jacket  material. 
Because  this  application  places  the  polymer 
in  a great  diversity  of  field  environments, 
because  it  is  readily  visible  to  the  user, 
and  aecause  the  coil  cord  is  color-matched 
to  the  telephone  housing,  color  stability  is 
a vital  property. 

The  two  test  formulations  utilize 
identical  compositions  of  PVC  resin,  plasti- 
-izers,  and  fillers.  They  differ  only  in  the 
stabilizer  used.  Type  Pb  PVC  being  stabilized 
with  solid  tnbasic  lead  sulfate  and  Type  BCZ 
PVC  bemq  stabilized  with  a liquid  mixture 
containing  barium-cadmium-zinc  octoates  and 
alkyl-aryl  phosphites.  The  principal  atmos- 
pheric degradation  is  expected  to  be  the 
; I fading  cf  the  tribasic  lead  sulfate  to 
oroduce  lead  sulfide,  a black  metallic  solid: 


ipfcO  • PbSO_j ) H20  + HjS,  SC>2  * PbS  + products  . 


(The  process  nere  is  presumably  similar  to 
that  responsible  for  the  darkening  of  lead- 
containing  paints  by  H^S.  ) 


The  two  polymer  formulations  were  pre- 
pared in  sheets  of  ^3  mm  thickness,  and 
10*10  cm  samples  cut  and  labeled.  The 
samples  were  colored  an  identical  "mo."' 
green" . The  test  sequence  involved  genera- 
tion and  stabilization  of  trace  gas  concen- 
trations in  the  environmental  chamber, 
insertion  of  samples  of  each  of  the  polymer 
formulations,  active  monitoring  of  the 
chamber  environment  during  exposure,  and 
removal  of  the  test  samples  for  analysis. 
Control  samples  were  maintained  outside  the 
chamber  for  comparison  with  the  test  samples. 

Results  and  Discussion 

Three  pairs  of  samples  were  tested  under 
a range  of  trace  gas  concentrations  and  ex- 
posure times.  The  test  periods  and  average 
trace  gas  concentrations  are  indicated  on 
Table  I.  The  relative  humidity  was  90%  t 5% 
throughout.  Trace  gas  concentrations  in  the 
sub-ppm  regime  are  difficult  to  control 
precisely:  Figure  2 demonstrates  their 
typical  concentration  behavior  (in  this  case 
for  the  second  of  the  exposure  tests) . These 
variations  reemphasize  the  importance  of 
continuous  monitoring  of  test  atmospheres 
during  atmospheric  exposure  experiments. 


64 


500 


uo 


Figure  2.  Measured  concentrations  of 
trace  contaminant  gases  in  the  environ- 
mental chamber  during  Test  2. 


The  gas  concentrations  of  Table  I can  be 
compared  with  atmospheric  conditions  by 
examining  the  distributions  of  air  quality 
data  measured  by  various  governmental  agencies 
at  several  hundred  field  locations  throughout 
the  United  States. ^ These  distributions  are 
shown  on  Figure  3 for  N02  and  on  Figure  4 for 
S02 . From  the  figures  are  derived  and  listed 
on  Table  I "atmospheric  upper  limit"  (AUL) 
values.  The  values  are  exceeded  by  only 
about  one  percent  of  all  field  locations, 
and  represent  a reasonable  "mean  high  water 
mark"  for  design  and  test  purposes.  H2S  is 
seldom  measured  at  air  quality  monitoring 
sites  and  its  AUL  is  based  on  much  less  data. 
The  H2S  AUL  is  therefore  considerably  less 
well  established  than  are  those  for  NO?  and 

so2. 
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Figure  4.  The  distribution  of  50th 
percentiles  of  S02  hourly  measurements 
at  air  quality  monitoring  sites  within 
the  United  States. ^ 


The  multiplication  in  gas  phase  concen- 
trations of  NO^  and  S02  over  field  conditions 
is  small,  ranging  between  about  2-6  for  the 
three  tests.  For  H2S  the  factor  is  larger, 
with  a range  of  'vlO-68. 


Visual  degradation  of  the  Type  Pb  PVC 
occurred  on  each  of  the  three  tests,  as 
noted  by  comparison  with  the  unexposed 
samples.  No  visual  effects  were  seen  on  the 
Type  BCZ  PVC  samples.  To  verify  this  result, 
the  color  changes  were  analyzed  quantitatively 
on  a Diano/Hardy  visible  light  spectro- 
photometer configured  for  color  measurements. 
The  results  of  these  measurements  are  given 
in  Table  II  in  FMC  Il4<5  color  difference 
parameters.  In  this  system,  equal  intervals 
in  the  total  color  parameter  AE  represent 
similar  visual  color  intervals.  The  total 
color  AE  is  defined  by 
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Figure  3.  The  distribution  of  50th 
[•?rcer,tiles  of  N 02  hourly  measurements 
v air  quality  monitoring  sites  within 
the  United  States.^ 


AE  = At2  + AC  2 + AC  , 2 , 
rg  yb 


and  the  FMC  II  color  parameters  AL,  ACj-g. 

ACyb  are  related  to  the  measured  tristimulus 
values  X,  Y,  Z by  a transformation  matrix. 

For  convenience,  a color  hue  and  saturation 
plane  is  defined  by  parameters  ACrq  and  ACy^; 
movement  in  this  plane  is  expressed  in  units 
of  AC,  where 


AC  = Ac  2 + AC  2 . 
rg  yb 


The  color  differences  resulting  from  the 
exposure  tests  are  placed  in  perspective  on 
Figure  5,  which  shows  the  total  color  change 
(AE)  vectors  for  the  samples  as  plotted  in 
the  AL-AC  plane.  A trained  color  specialist 
can  discern  a total  color  change  of  AEvl 
under  perfect  conditions.  Any  change  in 
total  color  less  than  this  is  of  no  practical 
significance.  Perception  of  color  differ- 
ences by  the  average  person  is  generally  less 


Figure  5.  Total  color  changes  AE  for 
the  test  samples,  plotted  in  the  AL-AC 
plane.  (a)  Type  Pb  PVC  samples; 

(b)  Type  BCZ  PVC  samples. 


acute.  The  raw  polymeric  material  for  Bell 
System  telephone  housings  is  allowed  a 
maximum  color  difference  of  AE  = 2.5.  Since 
our  test  samples  are  for  telephone  cord  use 
in  proximity  to  the  housings,  a tolerance  of 
AE  £ 2.5  is  conservative.  The  loci  for 
AE  = 1 and  AE  = 2.5  are  plotted  on  Figure  5. 

It  is  apparent  that  the  Type  BCZ  PVC  samples 
showed  negligible  color  differences.  Those 
of  the  Type  Pb  PVC  were  substantial,  exceeding 
the  AE  requirement  by  factors  of  2. 6-5. 9. 

These  color  differences  would  readily  be 
noticed  by  people  without  training  in  color 
matching. 

A complete  analysis  of  the  physical  and 
chemical  processes  involved  in  creating  the 
observed  color  differences  would  require  more 
extensive  studies  than  are  described  here. 

Some  insight  may  be  gained,  however,  by 
examining  the  color  difference  parameters  as 
a function  of  gas  exposure.  For  the  moss 
green  polymer  samples  tested,  the  change  in 
ACrg  is  most  meaningful.  Since  H2S  is  the 
most  likely  active  contaminant,  we  plot  on 
Figure  6 the  average  H2S  concentration  for 
each  of  the  three  tests  as  a function  of 
ACrg.  The  relationship  is  seen  to  be  mono- 
tonic but  nonlinear.  This  suggests  that  the 
color  change  process  is  limited  by  the 
reaction  of  diffusing  species  within  the 
polymeric  compound  rather  than  by  diffusion 
kinetics  in  the  gas  phase.  This  limitation 
is  presumably  a consequence  of  the  rapid 
sulfiding  of  all  available  lead  within 
reasonable  sample  diffusion  depths. 

Since  the  details  of  the  chemical 
processes  responsible  for  the  color  degra- 
dation have  not  been  determined,  we  are 
unable  to  relate  the  exposures  of  Table  I to 
actual  field  lifetimes.  The  acceleration 
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Figure  6.  "Red-green"  color  change 
(plotted  as  the  FMC  II  parameter  ACrg) 
for  the  Type  Pb  PVC  samples  as  a 
function  of  average  hydrogen  sulfide 
concentration . 


over  AUL  field  conditions  was  not  extreme, 
particularly  in  the  case  of  the  second  test. 
That  test  involved  less  than  one  full  day  and 
concentration  multipliers  of  ten  or  less,  yet 
substantial  color  effects  were  still  noted. 

It  is  clear  that  diffusion  of  sulfur  gases 
into  the  polymer  bulk,  followed  by  subsequent 
sulfiding  of  the  lead  stabilizer,  will  pro- 
duce readily  detectable  color  changes  in 
contaminated  field  environments.  The  Type 
BCZ  PVC  showed  no  significant  color  degra- 
dation. The  results  indicate  that  Type  BCZ 
PVC  is  the  more  environmentally  rugged  of  the 
two  formulations,  and  that  Type  Pb  PVC  will 
require  surface  coating  or  other  protective 
measures  if  it  is  to  be  utilized  in  appli- 
cations requiring  color  stability. 
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TABLE  I.  MEASURED  TRACE  GAS  CONCENTRATIONS  DURING  POLYMER  EXPOSURE 


Test  Period 
Test  (hr) 

NO.,* 

so2* 

»2s* 

1 28 

345 

121 

675 

2 20 

423 

207 

99 

3 54 

392 

148 

390 

Atmospheric 
upper  limit 

72 

70 

10 

•Units  are  parts  of  trace  gas 

per 

billion  parts 

of  ai 

TABLE 

I I . COLOR 

DIFFERENCE 

PARAMETERS 

Sample 

Test 

AL 

AC 

r9 

AC  w 
yb 

AC 

AE 

Type  BCZ  PVC 

1 

-0.4 

0.2 

-0.4 

0.5 

0.6 

2 

0.1 

0.2 

-0.2 

0.  3 

0.3 

3 

0.  5 

0.3 

0 

0.1 

0.6 

Type  Pb  PVC 

1 

-12.9 

6.2 

3.8 

7.3 

14.8 

2 

-3.3 

4.1 

3.6 

5.5 

6.4 

3 

-10.2 

5.6 

3.4 

6.  5 

12.1 

T.  E.  Graedel,  Member  of  the  Technical  Staff 
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PROCESSING  STABILITY  OP  SEVERAL  POLYMERS 
C.  C.  Svazey 

Sandoz  Colors  & Chemicals 
East  Itanover,  N.  J. 


INTRODUCTION 

The  trend  in  nlastiro  fabrication,  towards 
higher  production  output,  has  resulted  in 
a continual  increase  in  processing  tempera- 
tures and  shear  stresses  which  has  placed 
creator  emphasis  on  the  process  staMlitv 
o*  polymers.  Also,  the  increased  empha- 
sis on  the  use  of  rearind,  and  recvclinn 
of  elastic  waste,  demands  the  maintenance 
of  nolvmer  integrity  through  multiple 
processing  stages.  To  endure  such  condi- 
tions without  significant  degradation, 
and  consecuent  deterioration  o^  physical 
properties,  the  polvmer  must  be  protected 
hv  improved  nrocessinc  stabilizers. 

DF GRADATION  OF  Hor.YQT.r** INS 

Polyolefins  processed  at  high  topppra turns 
or  subsecruently  exposed  to  nv-radiat ion  in 
the  presence  of  oxvaen,  free  radical  chain 
reactions  take  place  leading  to  scission 
or  crosslinkinc  of  the  polvmer  chains  and 
conseouently  to  a deterioration  the 
polymer's  nhvsical  properties. 


Due  to  their  highly  unstable  configuration, 
hydroperoxides  undergo  d i spronort ionat ion 
reactions  which  lead  to  a scission  of  the 
chain,  noticeable  in  a drop  of  the  poly- 
mer's melt  viscosity. 

CHAIN  SCISSION 

CM, 

cm,  - C CM.  - • 

0 
o 

H 

Two  main  chemical  classes  of  hydroper- 
oxide-decomposers are  thiodiprooionates 
and  organic  phosphites;  both  groups  con- 
vert hvdroneroxides  into  inactive  hydroxy 
croups,  which  do  not  promote  further  deg- 
radation . 


PHOSPHITES 

o - A'  0 - A 

9 0 A ♦ H 0 Oh  — 0 - P 0 - A ♦ A OM 

0 - A OR 


CM, 

CM,  C ♦ MO  CM. 
0 


RADICAL  FORMATION 

CM,  CM, 

UV  or 

-CM, -C  -CM,  — CM,  - C CM, 


A H 


A-  * A —AM 

CHAIN  BRANCHING 


Once  nolvmer  radicals  are  former  they  can 
be  converted  into  neutral  products  by  the 
use  of  antioxidants  primarily  the  steri- 
cally  hindered  phenols.  The  antioxidant 
itself,  transferred  into  a resonance- 
stabilized  rhenoxv-radical , does  not  fui — 
ther  interfere  with  the  radical  chain  ex- 
cept for  addition  of  another  nolymor  radi- 
cal , 


Polvmer  radicals  R react  readilv  with  oxv- 
aen and  in  a followim  step  with  other 
polymer  molecules  to  form  hydroperoxides. 

HVDROREROX.OE  FORMATION 

R ■ . O.  — P 0 - 0- 


THIODIPROPRIONATE  ESTERS 

o 0 

ft  -0-C  - CM,  - CM,  - S - CM,  CM,  -C  — 0 — R+R  — O — OH 

0 ° 1 ? 

R 0 - C - CH,  - CM.  - S - CM,  CM.  - C - 0 - R‘  * R - OM 

LONGTERM  STABILITY 

The  loner-term  stability  of  polyolefins  is 
determined  by  an  accelerated  test,  com- 
monly known  as  the  oven-test,  where  speci- 
mens are  exposed  to  temperatures  just  be- 
low the  crystalline  meltincr-ooint  of  the 
polymer.  Assuming  no  major  differences 
in  reaction  mechanisms  are  found  between 
room-  and  test-temperatures , this  test 
simulates  the  performance  of  nolvolefins 
in  use  over  a long  period  of  time. 

Oven  tests  have  shown,  that  sterically- 
hindered  phenols,  particularly  of  higher 
molecular  weight,  increase  the  long-life 
stability  of  polyolefins  substantially. 

It  has  also  been  found  that  thiodipro- 
pionate  esters  give  synercristic  effects 
when  applied  together  with  hindered  phen- 
ol s . 

PROCESSING  FTAPILTTY 

Unlike  lone  term  stability,  processina 
stability  has  not  been  as  specifically  de- 
fined by  thp  technical  community.  The 
processing  of  polvolefins  involves  the 
transformation  of  the  polymer  into  a mol- 
ten state  by  the  application  of  tempera- 
tures higher  than  its  crystalline  melting 
point,  and  then  pushing  it  through  a dye 
or  injecting  it  into  a mold.  Obviously, 
the  oven  test  described  above  for  the 
measurement  of  long  term  stability  of 
polvolefins  is  unsuitable  as  an  indicator 
of  process  stability  as  it  does  not  simu- 
late processing  temperatures  or  shear 


SB 


A o 0 • A 


A 0 0 m • A 


stresses?.  For  this  reason,  the  increase 
in  Melt  Flow  Index  with  resnect  to  multi- 
ple extrusions  was  taken  as  the  measure 
of  processing  stability. 

EXPERIMENTAL  DESIGN 

It  was  the  intention  of  this  work  to  study 
the  influence  of  various  compounds  on  the 
processing  stability  of  several  nolymers. 

For  the  investigation  in  polypropylene  the 
following  compounds  were  chosen: 

RADICAL  SCAVENGERS 

AO-1  = Tetrakis  [methylene  1,—  (3*  — 

di-tert-butyl-4 ' -hydroxynhenyl ) 
propionatej  methane 

AO-2  = Octadecyl  3- (3 ' ,5 '-di-tert- 

butyl-4  ' -hydroxvphenyl ) propion- 
ate 

BUT  = 2 , 6-di-tert-butyl-p-cresol 

HYDROPEROXIDE  DECOMPOSERS 

DLTDP  = Dilaurylthiodiproprionate 

P-1  = Distearyl-pentaerythritol- 

diphosphite 

P-2  = Tris  (nonyl  phenyl)  phosphite 

PEPO  = Tetrakis  [2 , 4-di-tert-butyl- 
phenyl]  4,4'  biphenylvlened i- 
phosphonite 

TEST  PROCEDURE 

All  processing  stability  tests  were  carrie 
out  by  multiple  extrusions  on  unstabilized 
polypropylene  with  a melt  flow  index  of 
2.2  (230OC/2,16  kg).  Since  polypropylene 
under  the  influence  of  oxvgen  at  elevated 
temperatures  undergoes  degradation  mainly 
by  chain-scission,  which  is  noted  by  a 
marked  decrease  in  melt-viscositv,  or  by 
an  increase  in  melt  flov;  index  (MFI),  the 
measurement  of  MFI  was  chosen  to  determine 
the  degree  of  polymer  degradation.  In  or- 
der to  reduce  degradation  durina  this 
measurement,  and  to  increase  the  accuracy 
of  the  method,  the  MFI  was  taken  at  lB^C 
and  5 kg. 

The  multiple  extrusions  were  performed  on 
a small  laboratory-extruder  under  the  fol- 
lowing conditions: 

Screw  diameter  and  length:  22  mm,  20  D 

Screw  compression  : 1:3,5,  short 

compression 

Screw  speed  : 30  r.p.m. 

Barrel  temperatures  : O4n/240/240°c 

Circular  die  with  7 mm  in  diameter,  set  at 
210°C. 


the  granules  was  measured  after  each  pas- 
sage . 

PROCESSING  STABILITY  OF  RADICAL  SCAVENGERS 

Diagram  1 shows  the  influence  of  radical- 
scavenaers  on  processing  stability,  when 
applied  at  different  concentrations. 


PROCESSING  STABILITY  OF  RADICAL  SCAVENGERS 


s 10  ,4  M 

NUMBED  OF  EFIDuStONS 


Diagram  1 

Although  there  is  no  long-term  stability 
to  be  ohtained  from  BHT,  its  processing  be- 
havior and  its  low  price  have  created  an 
important  and  voluminous  market  for  this 
product . 

PROCESSING  LABILITY  QF  HYDROPEROXIDE 
DECOMPOSERS 

Hydroperoxide  decomposers  are  often  referred 
to  as  costabilizers  because  their  effec- 
tiveness in  the  absence  of  radical  scaven- 
gers is  usually  poor.  Only  few  literature 
publications  deal  with  processing  stability 
of  hydroperoxide  decomposers  like  phos- 
phites and  thiodipropionates,  but  so  far 
no  information  has  been  available  on  phos- 
ohonites.  It  was  our  intention  to  investi- 
gate one  representative  of  the  phosphonite 
class  and  compare  it  with  other  commercially 
established  costabilizers. 

Initial  studies  of  all  three  chemical  c' as- 
ses were  tested  at  a concentration  of  C . 3» 
in  the  absence  of  radical  scavengers. 


The  extruded  strand  was  cooled  by  an  air- 
stream  and  cut  int  granules.  The  MFI  of 


69 


PROCESSING  STABILITY  OF  MYOROPEROXIOE  DECOMPOSERS 


Diaqram  2 

Diagram  2 demonstrates  that  no  significant 
improvement  was  obtained,  by  thiodipropion- 
ate  DLTDP  or  phosphite  P-1.  Phosphite  P-2 
does  offer  some  stability  by  itself.  It 
was  surprising , however,  to  find  a marked 
increase  by  the  phosphonite  PEPQ,  well  be- 
yond P-2  and  even  surpassing  the  effective- 
ness of  radical  scavengers  like  BUT  and 
AO-1.  Decreasing  the  concentration  of 
PEPO  to  0.05%  still  led  to  better  results 
than  P-2  at  0.3%. 

COMBINATION  OF  RADICAL  SCAVENGERS  WITH 
HYDROPEROXIDE  DECOMPOSERS 

Although  the  phosphonite  PEPO  would  provide 
maximum  processing  stability  without  the 
need  of  radical  scavengers,  phenolic-type 
antioxidants  must  be  added  to  polypropylene 
in  order  to  prolong  its  long-term  stability. 
Depending  upon  the  desired  level  of  long- 
term protection  and  the  quality  of  the  cho- 
sen scavenger,  the  concentration  of  anti- 
oxidant usually  lies  between  0.05%  and 
0.2%. 


COMBINATION  OF  RADICAL  SCAVENGERS 
WITH  HYDROPEROXIDE  DECOMPOSERS 


YUHICX  or  IKTftUXIONX 


From  the  results  the  fol lowing  conclusions 
can  be  drawn: 

- The  thiodipropionate  svstem  (DLTDP)  does 
not  contribute  to  any  improvement  in  pro- 
cessing stability,  its  advantage  therefore 
lies  only  in  long-term  stability. 

- The  ohosnhites  P-1  and  P-2  synerqize 
radical  scavengers  and  increase  their  ef- 
fectiveness significantly. 

- The  combination  with  the  phosphonite  PEPQ 
shows  an  enormous  increase  of  processing 
stability  well  beyond  that  of  the  ohos- 
nhites. It  is  evident,  that  this  oarticu- 
lar  substance  offers  extremely  high  levels 
of  protection,  which  can  be  futther  in- 
creased bv  higher  amounts  of  PEPO. 

COMBINATION  OF  RADICAL  SCAVENGERS 

It  is  common  practice  to  stabilize  poly- 
pronvlene  by  means  of  two  radical  scaven- 
gers, namely  BUT  and  another  sterically- 
hindered  ohenol  of  higher  molecular  weight. 


0 <•.  AO  ' 


Diagram  4 - Processing  stability  of  a 
combination  of  two  radical 
scavengers 

PHT  exhibits  only  an  additive  effect  on  the 
orimary  antioxidant's  efficiency.  This  in- 
dicates the  oossibility  of  substituting  BUT 
with  phosphites  without  loss  in  processing 
stability.  An  exchange  of  BUT  by  the  nhos- 
phonite  PEPQ  leads  to  substantially  higher 
stabilities.  By  substitution,  both  clas- 
ses - phosphites  and  phosphonite  PEPO  - 
avoid  an  adverse  pronertv  of  BHT , which 
has  become  a particular  nuisance  to  some 
polypropylene  manufacturers  in  the  past 
year.  BHT  freouentlv  causes  discolorations 
either  during  processing  or  during  storage 
of  the  polymer  granules. 

Diagram  5 demonstrates  the  color  improve- 
ment when  BHT  is  replaced  bv  PEPO. 


Diagram  3 


0 2*.  BHT 


phosphite  P-1  (see  diaqram  7) . 


YfilOMNCSS 
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NUMBER  Of  EXTRUSIONS 


Diaqram  5 - Change  of  color  during 
processing 

The  color  was  determined  by  yellowness- 
index  measurements  (ASTM  0-1025)  on  1 mm 
thick  sheets,  which  were  compression- 
molded  from  the  particular  extrusion  pas- 
sages. BHT  gives  a pronounced  discolora- 
tion with  increasing  number  of  extrusions, 
whereas  the  color  change  with  PEPO  is 
negligible . 

INFLUENCE  OF  CALCIUM  STEARATE  ON  PROCES- 
SING STABILITY 


Calcium  stearate  is  usually  added  to  poly- 
propylene to  deactivate  acidic  parts  of 
the  polymerization  catalyst  and  also  to 
act  as  a metal/polymer  interface  lubri- 
cant. Therefore  it  was  of  some  importance 
to  investigate  the  influence  of  calcium 
stearate  on  the  processing  stability  of 
polypropylene . 

Diagram  fi  demonstrates  that  calcium  stea- 
rate offers  no  improvement  in  the  absence 
of  stabilizers,  however  the  stability  in- 
creases remarkably  when  it  is  combined  with 
radical  scavengers  like  AO-1  or  AO-1  + 

BHT. 


COMBINATION  OF  RAOICAL  SCAVENGERS 
PHOSPHITES  OR  PHOSPHONITES 
AND  Ca  STEARATE 


NUMBER  Of  EXTRUSIONS 


Diagram  7 

The  different  behavior  of  phosphite  P-1 
and  phosphite  P-2  in  the  presence  of  cal- 
cium stearate  might  be  explained  by  the 
distinct  difference  in  hydrolytic  stability 
of  both  substances.  Hvdroly sis-studies , 
carried  out  in  water  at  Ph°C,  where  the 
change  in  pH  was  followed  over  a period  of 
hours,  have  shown  a faster  drop  in  pH  for 
P-1  than  for  P-2.  It  could  be  speculated, 
that  under  the  influence  of  calcium  stea- 
rate P-1  hydrolyses  to  some  extent  during 
processing,  whereby  the  positive  influence 
of  calcium  stearate  on  processing  stability 
might  be  somewhat  offset  by  a decrease  in 
concentration  of  active  P-1.  Phosphonite 
PEPQ  which  is  much  more  stable  to  hydroly- 
sis leads  to  maximum  processing  stabilities 
and  offers  the  best  protection  for  the  poly- 
mer. 


COMBINATION  OF  RAOICAL  SCAVENGERS 
WITH  Ca-STEARATE 

0 IN  AO-1 


NUMBER  )*  EXTRUSIONS 

Diagram  6 

If  calcium  stearate  is  added  to  combinations 
like  AO- 1/phosphite  or  A0-1/PEP0,  it  im- 
proves the  effect  of  phosphite  p-2  and 
ohosnhonite  PEPO,  but  no  stability  increase 
was  obtained  with  the  system  containing 


HIGH  DENSITY  POLYETHYLENE 

The  performance  of  various  stabilizers  in 
high  density  polyethylene  are  compared  in 
Diagram  fl . 
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When  high  density  polyethylene  O'PPF)  is  ex- 
posed to  nrocessinn  conditions,  cross-link- 
inn  and  chain  scission  reactions  compete 
for  predominance.  Above  4 s n-.i 7n°F  . /? m- 
24h°r.  chain  scission  usually  dominates  re- 
sultinn  in  polymer  degradation  and.  deterio- 
ration of  physical  properties.  Post  poly- 
merization cross- 1 i nk i ng  can  modify  the 
polyethylene  molecule  to  the  point  that  it 
resembles  a thermosett i no  polymer  and  is 
extremely  difficult  to  process.  Dianram 
R shows  the  nrocessinn  stability  imparted 
to  HDPE  hv  various  stabilizers  used  alone. 
The  various  formulations  were  exposed  to 
multiple  extrusions  at  4 7n°F . /?40°c . with 
a screw  speed  of  7n  pew.  After  each  ex- 
trusion the  ”elt  Flow  Index  (MFI)  was 
measured  at  774°F . /19n°C . /2l . 6 Kp.  The 
"nominal"  MFI  of  the  startinn  resin  was 
fi.n.  Careful  measurements  of  nonexoosed 
hinhly  stabilized  reactor  powder  however 
indicated  the  MFI  was  actually  R or  10. 
Diagram  R indicates  that  Sandostab  P-FPO 
initially  retards  polymer  cross-1 inkinn 
as  demonstrated  by  the  increase  in  MFI 
with  increased  P-FPQ  concentration.  In 
subseouent  extrusions  the  MFI  decreases 
thereby  preventing  chain  scission.  As  the 
Sandostab  P-EPQ  hecomes  depleted  the  MFI 
again  begins  to  increase.  Other  tested 
stabilizers  appeared  to  offer  little  pro- 
tection from  initial  cross-linking  and 
were  nuicklv  depleted  allowina  chain  scis- 
sion to  proceed. 

POLYCARBONATE 

Diagram  0 demonstrates  the  relative  process 
stability  of  various  phosphorous  stabili- 
zers used  alone  in  pC.  Notice  that  in- 
creasing concentrations  of  stabilizers  re- 
sult in  lower  stability.  0.10%  of  Sando- 
stab P-EPQ  results  in  significantly  less 
degradation  than  the  conventional  stabili- 
zers. 
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Diagram  0 

Diagram  10  demonstrates  the  process  stabili- 
ty provided  by  a combination  of  Sandostab 
P-FPQ  and  a sterically  hindered  phenol. 

While  the  phenolic  antioxidant  does  not  im- 
prove process  stability,  it  is  necessary 
for  long  term  stability. 


Diagram  10 

As  indicated  in  Table  1 , improved  proces- 
sing stability  results  in  the  maintenance 
of  physical  properties  over  an  increased 
number  of  processing  steps.  Table  1 pre- 
sents the  number  of  processing  passes  the 
polycarbonate  received  until  the  impact 
strength  was  deteriorated  sufficiently  to 
break  the  specimen. 


Number  Of  Passes 
Until  Samples  Break 

Manual  Test 

Break  On 

Dynstat  apparatus 

Without  Stabilizers 

, 

4 

5 

0 2C.  AO  2 

3 

3 

0 2%  AO-2  * 0.1%  PEPO 

12 

13 

0 2%  AO-2  • 0 2%  PEPO 

1 12 

11-12 

0 2S  AO-2  + 0.3%  PEPO 

8 

7 

| 0 2%  AO-2  + 0 1%  P-2 

7 | 

6 

1 0 2%  AO-2  + 0 2%  P-2 

5 

4-5 

0.2%  AO-2  * 0.3%  P-2 

4 , 

4 

iE«*h  I0S  ■ STABILIZERS 
AJECTiON  MOLDED  JMM  SHEETS 


Table  1 


CONCLUSION? 

It  has  been  demonstrated  that  the  phosphon- 
ite  class  of  compounds  provide  increased 
nrocessinn  stability,  and  therefore  preven- 
tion of  polymer  degradation  and  retention 
of  physical  properties  compared  to  conven- 
tional stabilizers. 
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RF  LEAKAGE  MEASUREMENTS  DIRECTED 
TOWARD  ACHIEVING  ELECTROMAGNETIC  COMPATIBILITY 


Larry  Rader 
The  Boeing  Company 
Wichita  Division 
Wichita,  Kansas 


Summary 

In  recent  years  it  has  become  necessary  to  impose 
RF  leakage  limits  on  microwave  transmission  line  com- 
ponents such  as  waveguide  and  coaxial  cables  in  order 
to  achieve  electromagnetic  compatibility  in  critical 
avionics  systems.  Various  measurement  techniques 
have  been  developed  to  assess  the  leakage  character 
of  these  components.  The  use  of  a particular  tech- 
nique depends  upon  the  type  of  component  to  be 
measured,  the  frequency  range  of  interest,  and  the 
type  of  information  desired,  such  as  locating  a point 
of  leakage  or  determining  the  total  leakage  from  a 
component.  This  paper  discusses  a leakage  measure- 
ment technique  developed  at  the  Wichita  Division  of 
The  Boeing  Company  for  measuring  the  leakage  from 
RF  coaxial  cables  and  connectors.  The  approach  is 
applicable  to  qualification  tests  or  production 
acceptance  tests  of  coaxial  cables  and  connectors 
having  RF  leakage  requirements,  and  is  presently 
called  out  in  MIL-T -81 490,  Transmission  Lines,  Trans- 
verse Electromagnetic  Mode,  and  in  ASNAE  68-38A/1A, 
Coaxial  Cables  LT  Type.  The  technique  utilizes  an 
adjustable  TEM  resonant  cavity  in  which  a test  cable 
or  mated  test  connector  pair  can  be  inserted.  Power 
is  applied  through  the  test  item  and  the  energy 
leaked  into  the  cavity  is  detected.  A ratio  of  this 
power  to  the  input  power,  corrected  to  account  for 
the  "Q"  of  the  cavity,  provides  a measure  of  the 
energy  leaked  from  the  test  item.  A series  of 
measurement  cavities  have  been  designed  and  built 
at  Boeing  covering  the  frequency  range  from  150  mega- 
hertz to  18  gigahertz.  The  detail  design  of  the  test 
cavities,  the  test  equipment  setup  required  to  imple- 
ment the  use  of  the  cavities,  and  measured  data 
showing  the  level  of  leakage  for  a variety  of 
standard  cables  are  included. 

Background 

In  1971,  the  Wichita  Division  of  The  Boeing 
Company  was  awarded  a contract  N00-1 23-71 -C-1056 
from  the  U.S.  Navy  Missile  Center,  Point  Mugu, 
California,  to  develop  a method  to  evaluate  RF 
leakage  from  coaxial  transmission  lines,  to  con- 
struct hardware  and  develop  procedures  to  implement 
the  method,  and  to  conduct  tests  on  representative 
types  of  coaxial  assemblies.  The  goal  of  the  test 
device  was  to  provide  an  accurate,  non-destructive 
method  of  measuring  RF  leakage  from  coaxial  cable 
assemblies;  i.e.,  to  provide  a method  for  evaluating 
a cable  assembly  for  development,  qualification, 
or  production  without  causing  physical  or  electrical 
change  to  the  assembly.  This  contract  resulted  in 
establishment  of  a new  RF  leakage  test  method 
which  has  been  incorporated  in  Military  Specifica- 
tion MIL-T-81490(AS) , "Transmission  Lines,  Trans- 
verse Electromagnetic  Mode."  Although  the  method 
has  been  in  use  since  1 972: , the  details  of  the 
principles  of  operation  and  test  hardware  have  not 
been  published.  This  paper  describes  the  principles 
of  operation,  design  and  operation  details,  and 
gives  results  of  tests  on  several  coaxial 
assemblies. 


General 

The  principles  of  operation  are  described  as 
follows.  The  technique  utilizes  an  adjustable  TEM 
resonant  cavity  depicted  by  Figure  1 that  is  formed 
by  the  test  sample  outer  conductor  and  the  inner 
surface  of  the  test  fixture.  The  ends  of  the  cavity 
are  terminated  in  sliding  short  circuits  which  are 
positioned  at  spacings  of  a multiple  number  of  half 
wavelengths.  Power  is  applied  to  the  test  item,  and 
energy  leaked  into  the  cavity  produces  a resonant 
standing  wave  which  is  sampled  by  a prcbe  and  coupled 
to  a detection  system  pre-cal ibrated  in  dB  relative 
to  the  source  at  the  input  to  the  test  sample.  Re- 
ferring to  Figure  2,  correction  factors  are  derived 
for  calculation  of  the  RF  leakage  in  dB  per  foot. 

The  corrections  are  Cl  due  to  the  cavity  Q and  C2  to 
convert  from  total  leakage  to  leakage  per  foot  of 
the  test  sample  contained  within  the  cavity. 

Detail  Description 

The  operating  principle  of  the  test  device  is  to 
produce  a standing  wave  for  the  TEM  mode  which  is 
in  turn  coupled  to  the  detection  probe.  To  implement 
this  principle,  sliding  RF  short  circuits  which  are 
noncontacting  with  the  cable  assembly  outer  conductor 
(due  to  the  presence  of  the  cable  jacket)  and  non- 
contacting with  the  test  fixture  (to  prevent  wear  and 
a resultant  inconsistent  short)  were  designed  and 
fabricated.  The  principle  of  the  noncontacting 
sliding  shorts  is  explained  with  the  aid  of  Figure  3. 

At  the  choke  center  design  frequency,  the  path 
length 

B1  8]  + Sk2  + B«-3  = 8H4  + S«.5  + Bg  = n 

The  short  circuit  at  the  end  of  lengths  83  and  84  are 
thus  transformed  to  a short  circuit  at  the  front  face 
of  the  sliding  short,  which  enhances  the  overall  per- 
formance. The  lengths  8]  and  86  are  not  necessarily 
physically  equal,  and  in  our  application  are  in  fact 
unequal.  This  is  necessary  to  achieve  electrically 
equivalent  lengths  since  the  dielectric  constants  of 
the  corresponding  materials  are  unequal.  The  outer 
dielectric  is  teflon  (e  = 2.1)  while  the  inner 
dielectric  is  that  of  the  cable  jacket  (e.g.  polyvinyl 
chloride  e = 3.0,  nomex  er  - 3.0).  A photograph  of 
the  short  circuits  is  presented  as  Figure  4. 

A by-product  of  this  test  method  is  the  enhance- 
ment of  the  available  leakage  signal  due  to  the  Q of 
the  test  cavity.  The  length  in  the  cavity  between 
the  effective  short-circuit  of  the  noncontacting 
shorts  is  adjusted  so  that  resonance  occurs  at  the 
des’red  test  frequency.  At  the  resonant  frequency 
the  wave  in  the  cavity  is  supported  on  a "per  cycle" 
basis  by  the  leakage  from  the  test  sample.  At  res- 
onance the  cavity  Q is  increased;  i.e.,  the  energy 
stored  in  the  cavity  which  is  detected  by  the  cavity 
probe  is  increased.  The  result  is  that  due  to  res- 
onance the  cavity  energy  level  is  increased  and 
permits  measurement  of  lower  leakage  levels  relative 
to  other  measurement  methods.  The  cavity  Q is 
limited  by  the  effectiveness  of  the  shorts,  losses  in 


the  cavity  such  as  the  relatively  lossy  dielectrics 
of  typical  coaxial  cable  jackets,  and  mechanical 
obstructions  of  the  natural  resonance  of  the  cavity 
such  as  bulkhead  connector  flanges. 

In  general,  transmission  lines  are  selected 
so  that  propagation  is  entirely  restricted  to  the 
dominant  mode.  This  case  (TEM  for  coaxial  lines)  is 
considered  in  this  discussion.  However,  the  RF  leak- 
age in  the  test  cavity  can  and  will  exist  in  both  the 
dominant  mode  and  several  higher  order  modes  at  any 
frequency  where  wavelength  is  greater  than  the  mean 
circumference  of  the  cavity  conductors.  The  higher 
order  modes  are  typically  TEq]  , TE;;,  TE21 , TMgi  and 
TMj 1 . The  higher  order  modes  all  have  one  character- 
istic in  common  - their  phase  velocity  in  the  cavity 
is  higher  than  that  of  the  TEM  mode.  This  fact  is 
useful  in  identifying  and  selecting  only  the  TEM 
wave  for  measurement,  and  will  be  discussed  during 
the  test  setup  discussion. 

In  many  applications  it  is  desirable  to  know 
the  leakage  character  of  a cable  at  frequencies 
above  its  normal  operating  (TEM)  range.  For  example, 
it  is  often  necessary  to  determine  cable  RF  leakage 
for  harmonics  of  a transmitter.  In  this  case  where 
higher  order  modes  can  exist  in  the  test  sample 
RF  leakage  in  the  cavity  may  again  exist  in  the  TEM 
or  higher  order  modes.  These  cavity  modes  can  be 
isolated  as  before.  However,  measurement  errors 
are  introduced  due  to  (a)  conversion  of  TEM  energy  to 
higher  order  modes,  which  reduces  the  TEM  power  level 
incident  to  the  section  of  cable  being  evaluated, 

(b)  the  mode  conversion  may  occur  in  the  test  set-up 
transmission  lines  subsequent  to  calibration,  result- 
ing in  measurement  error,  (c)  higher  order  modes 
excited  in  the  test  section  may  not  be  representative 
of  leakage  from  that  sample  during  operation  in  its 
intended  application  due  to  bends,  temperature 
effects  on  dimensions,  etc.  Thus,  precaution  should 
be  exercized  when  conducting  leakage  tests  at 
frequencies  where  the  test  sample  can  support 
higher  order  modes. 

Test  Setup  and  Performance 

The  test  setup  and  performance  which  have  been 
adopted  by  M I L-T -81 490  are  described  and  explained 
as  follows.  There  are  essentially  three  operations: 
(1)  adjustment  of  the  sliding  shorts  to  achieve 
resonance  of  the  cavity  at  the  selected  test  fre- 
quency, (2)  calibration,  and  (3)  leakage  measurement. 

A photograph  of  the  test  setup  is  shown  in 
Figure  5.  The  test  setup  and  equipment  list  of 
Figure  6 and  Table  I are  used  for  properly  adjusting 
the  positions  of  the  sliding  shorts  for  TEM  resonance. 
A swept  frequency  input  for  the  frequency  band  which 
includes  the  desired  test  frequency  is  provided  at 
the  test  cavity  detection  probe  and  the  sliding 
shorts  are  adjusted  until  TEM  resonance  occurs  at 
the  selected  test  frequency.  The  TEM  resonance  is 
unique  from  all  other  possible  resonances,  and  can 
be  identified  by  (1)  for  a given  change  in  cavity 
length,  a TEM  resonance  undergoes  a greater  frequency 
shift  than  TE  or  TM  modes,  and  (2)  it  maintains  a 
nearly  constant  amplitude  for  small  changes  in 
cavity  length.  Once  the  cavity  length  has  been 
established,  this  length  must  be  maintained  until 
completion  of  the  leakage  test  at  that  frequency. 

The  cavity  amplification  factor  due  to  resonance  is 
computed  from  this  setup.  The  resonant  center  fre- 
quency is  recorded,  as  are  the  frequencies  of  the 
half  power  points  on  the  resonance  curve.  During 
this  step  ft  is  also  necessary  to  determine  the 


length  between  the  faces  of  the  sliding  shorts,  i.e., 
the  length  of  the  test  cable  in  the  cavity.  This  is 
necessary  to  convert  the  total  leakage  to  leakage 
per  unit  length. 

Calibration  is  accomplished  utilizing  the  test 
setup  on  Figure  7.  The  calibration  levels  can  be 
made  with  a dynamic  range  of  60  dB.  Experience  indi- 
cates that  the  minimum  oscillator  power  output  is  20 
milliwatts  (+13  dBm)  and  the  sensitivity  of  the  net- 
work analyzer  has  a minimum  value  of  -78  dBm.  Thus 
a linear  calibration  from  -30  to  -90  dB  can  be 
assured.  At  frequencies  below  X-Band  the  network 
analyzer  typically  has  a significantly  greater  sensi- 
tivity so  that  calibrations  to  -100  dB  can  be 
achieved.  Greater  values  can  be  achieved  if  necessary 
by  using  a TWT  having  for  example  10  watts  output  (+40 
dBm).  This  assures  calibrations  to  approximately 
-120  dB  (+40  dBm  output  plus  -78  dBm  sensitivity). 
However,  the  operator  must  use  precaution  to  assure 
that  the  higher  power  levels  do  not  exceed  the  ratings 
of  the  test  setup  components,  such  as  attenuators  and 
couplers.  The  frequency  range  of  the  calibration  can 
be  the  same  as  that  selected  for  adjustment  of  the 
cavity,  but  in  practice  it  is  more  convenient  to 
calibrate  for  the  entire  bandwidth  of  the  selected 
test  cavity  setup,  and  to  use  this  calibration  for 
measurement  at  several  test  frequencies.  Once  cali- 
bration is  completed,  the  attenuators  in  the  reference 
channel  line  must  not  be  altered. 

The  leakage  measurement  is  accomplished  using  the 
test  setup  of  Figure  8 for  the  same  frequency  range  as 
the  calibration  data.  The  measured  leakage  at  the 
cavity  resonant  frequency  is  noted  from  the  plot,  and 
the  leakage  per  unit  length  is  calculated  as  shown 
on  Figure  2.  i.e. 

Leakage  (dB  per  foot)  = recorded  value 

- 10  log  Q - 10  log 

The  test  is  then  repeated  for  additional  frequencies 
by  repeating  the  cavity  adjustment  procedure  for  the 
new  test  frequency.  The  calibration  remains  valid 
if  the  swept  frequency  range  and  reference  channel 
attenuation  are  not  changed.  Mated  connector  pairs 
can  be  measured  using  the  procedure  described  above, 
with  the  measured  value  being  corrected  for  the  leak- 
age attributable  to  the  length  of  cable  contained 
between  the  short  circuits. 

Typical  data  sheets  are  shown  by  Figures  9-11. 
Results  of  RF  leakage  measurements  for  selected 
coaxial  cables  are  presented  in  Figure  12. 

Other  Applications 

It  is  conceivable  that  this  measurement  concept 
could  be  utilized  to  determine  RF  leakage  from  flex- 
ible waveguide.  The  same  basic  principles  are 
applicable,  although  the  non-circular  cross  section 
must  be  considered  with  respect  to  the  modes  of 
propagation  in  the  test  cavity.  Multiple  cavities 
could  be  fabricated  to  allow  testing  at  several 
waveguide  flexed  positions,  for  example  straight; 

30°,  60°  and  90°  E-plane  bends;  30°,  60°  and  90° 
H-plane  bends;  30°,  60°  and  90°  twists;  and  at  com- 
binations of  these  bends/twists.  It  would  represent 
an  exciting  challenge,  and  the  obvious  need  indicates 
the  desirability  for  pursuit  of  this  idea. 
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POSITION  ALONG  CAVITY 


* ACCEPTABLE  PROBE  POSITIONS 


TABLE  I 

TEST  EQUIPMENT  LIST 


ITEM  EQUIPMENT 

1 Sweep  Oscillator 

2 Directional  Coupler 

3 Directional  Coupler 

4 Precision  Attenuator 

5 Directional  Coupler 

6 Frequency  Counter 

7 Precision  Attenuator 

8 Harmonic  Frequency  Converter  (HP  841 1A) 

9 Network  Analyzer  (HP  8410B) 

10  X-Y  Recorder 

11  Test  Cavity  (appropriate  Boeing  cavity 
and  short  circuits) 

12  Detector 

13  Oscilloscope 

14  Termination 


FilLD  IN  TEST 
SAMPLE  DUE 
TO  SOURCE 


FIELD  IN  TEST 
FIXTURE  DUE  TO 


RF  LEAKAGE  FROM 
TEST  SAMPLE 


FIELDS  IN  TEST  FIXTURE  DUE  TO  RF  LEAKAGE 
FROM  THE  TEST  SAMPLE 

FIGURE  1 
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RF  LEAKAGE  CALIBRATION  SETUP 
FIGURE  7 


RF  LEAKAGE  MEASUREMENT  SETUP 
FIGURE  8 
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1 . - INTRODUCTION 


Periodic  impedani e irregularities  can 
severely  affect  the  transmission  characteris- 
tics of  coaxial  pairs.  The  corresponding 
S.R.L.  requirements  which  are  rather  strict 
depend  on  the  type  of  signals  transmitted.  For 
instance  trunk  CATV  cables  should  have  S.R.L. 
performance  in  the  range  of  26  to  32  dB  ; for 
cables  carrying  high  capacity  analog  FDM  sys- 
tems the  limit  is  of  the  order  of  40  dB  ; 
while  for  cables  supporting  the  more  robust 
wideband  digital  systems  the  accepted  limits 
may  vary  from  20  to  30  dB. 

In  order  to  optimize  product  quality  and 
minimize  rejects,  it  is  highly  desirable, 
from  a manufacturing  standpoint,  to  detect 
periodic  irregularities  as  soon  as  they  are 
produced,  without  awaiting  final  controls  on 
the  finished  product.  The  threshold  levels 
beyond  which  periodic  defects  may  become  nui- 
sance are  usually  very  small  compared  to  those 
of  random  irregularities.  It  would  therefore 
be  indeed  very  difficult  to  single  out  perio- 
dic irregularities  through  a mere  examination 
of  the  continuous  recordings  of  the  parameters 
monitored  during  production. 

With  a view  to  a quasi  instantaneous  de- 
tection of  periodic  irregularities,  a method 
has  been  developped  which  is  based  on  numeri- 
cal processing  of  data  collected  during  pro- 
duction. The  method  helps  identify  the  signi- 
ficant periodic  irregularities  and  evaluate 
the  corresponding  standard  S.R.L.  figures.  We 
describe  in  this  paper  the  main  features  of 
the  method,  and  disclose  some  of  the  results 
obtained. 

2. - PRINCIPLE  OF  THE  METHOD 
2.1.  General 

The  object  of  the  method  is  to  single  out 
through  measured  values  of  parameters  conti- 
nuously monitored  during  production,  the  pe- 
riodicities due  to  material  or  manufacturing 
processes,  and  to  estimate  the  resulting 
S.R.L.  performances  as  they  would  appear  on 
the  completed  cable. 


To  enhance  the  periodic  components  of  the 
functions  analyzed,  we  bring  into  play  Fourier 
Transformation  the  use  of  which  can  be  other- 
wise suggested  by  the  following  : 

- to  an  arbitrarily  shaped  periodic  deforma- 
tion along  a coaxial  pair  correspond  harmonic 
S.R.L.  spikes  whose  individual  magnitudes  con- 
form to  the  decomposition  of  the  original 
fluctuation  into  elementary  sinusoidal  ones. 

In  particular  a true  sinusoidal  deformation 
yields  one  and  only  one  spike. 

Since  the  frequency  bandwidths  of  concern 
are  limited,  the  transform  is  computed  in  its 
discrete  form  using  a Fast  Fourier  Transform 
algorithm (FFT)  to  speed  up  calculation. 

In  the  following  we  review  some  of  the 
background  : 


- ( X (n) ) = X ( 1 ) , ...  X (n)  , ...  X(N) 

a sequence  of  real  or  complex  numbers  ; 
n is  an  integer. 

- UU)’<  - 4(0),  ...  4(C),  ...  4(N-1) 

the  Discrete  Fourier  Transform  sequence 
(DFT)  of  the  above  ; e is  an  integer. 

Then  between  the  two  sequences  we  have 
the  relationships  : 


x(") • exP  (-j 
4(e)-  exp  (+j 


2ne(n-i] 


2n  (n- 1 ) e ' 


We  define  a ray  as  a term  of  the  sequence 
(4(e)).  It  is  a vector  moreover  characterized 
by  its  order  : the  integer  £. 

The  X(n)’s  are  the  sampled  values  of  a 
continuously  recorded  parameter  Y(z)  ; the 
samples  being  taken  at  equal  intervals  D.  The 
variable  z is  the  position  considered  along 
a coaxial  pair. 

Because  of  the  constraints  of  the  measu- 
ring apparatus  and  the  interface  requirements 
between  measuring  and  processing  equipments  we 
have  between  X(n)  and  Y(z)  « Y (nD)  the  follo- 
wing relationship  : 

X(n)  = q [Y  (nD)  - Y ] (2) 


Yo  is  the  nominal  value  of  parameter  Y, 
D the  sampling  interval, 
q a scaling  factor. 
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To  do  away  with  ambiguities  relative  to 
the  values  of  the  periods  and  resulting  from 
sampling,  the  function  Y (z)  is  obtained  from 
the  physical  parameter  M ( z ) through  a filte- 
ring which  eliminates  all  components  with 
periods  smaller  than  hQ  a 2D. 

Therefore  with  a sampling  interval  D and 
the  filtering,  the  investigation  is  extended 
up  to  a frequency  Fq  corresponding  to  a wave- 
length X [Ref  l]  : 


X 


0 


h0  - 4 D 


(3) 


This  could  have  also  been  derived  from 
Shannon's  theory  of  information. 


2.2.  Sustem  make-up 

As  shown  on  fig.  1,  the  system  is  made  up 
of  two  main  functional  blocks  : Data  Collec- 
tion and  Data  Processing. 


The  collection  of  data  includes  : 


. Continuous  recording  of  parameter  M(z) 

. Filtering  of  M ( z J yielding  Y(z) 

. Sampling  of  Y(z)  yielding  the  sequence 

{ X (n)  } . 

- The  processing  steps  comprise  : 

. Storage  of  the  N values  of  the  sequence 
{ X ( n ) } (to  speed  up  calculation  the  number  N 
is  chosen  as  an  integer  power  of  2)  . 

. A Fourier  Transform  calculation  from 
(X(n)}  to  ($(£)}  using  the  Cooley-Tuckey  algo- 
rithm, [Ref  2],  followed  by  an  estimation  of 
the  standard  S.R.L.  figure. 

. An  automatic  display  of  the  rays  or 
the  estimated  S.R.L.  values  as  a function  of 
ray  position  or  frequency. 


*•  cum 
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The  principles  of  signal  processing  by 
sampling  and  Fourier  Transformation  are  well 
known  [Ref  2,  3,  4]  and  will  not  be  dealt 
with  here.  Instead,  we  shall  look  more  close- 
ly into  the  implications  of  analysis  to  the 
problem  of  concern. 

2.3.  Enhancement  of  periodic  components 
through  the  D.F.T. 

A AX  amplitude  fluctuation  of  the  sequen- 
ce (X(n)}  can  yield  : 

- either  one  outstanding  ray*  with  approxima- 
tely a AX/2  amplitude  if  the  fluctuation  is 
sinusoidal , 

* (Only  the  N/2  first  rays  are  significant 
since  we  are  interested  in  magnitudes  and 
(X(n) ) is  real) . 
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- or  a multitude  of  rays  (grass)  with  mean 
amplitude  AX//FJ  if  the  fluctuation  is  random. 

Thus  the  sharpness  of  discrimination  of 
periodic  from  random  irregularities  depends 
essentially  on  the  number  N and  can  be  charac- 
terized by  the  expression  : 10  log^N. 

From  what  preceded  it  is  evident  that  the 
better  the  "grass"  performance  the  smalleristhe 
number  of  samples  required  for  discrimination, 
and  the  faster  the  computing  time. 

Therefore,  given  the  average  impedance  re- 
gularity performance  characteristic  of  a cer- 
tain type  of  production,  one  can  determine  the 
number  of  samples  N so  as  to  distinguish  clear- 
ly those  rays  resulting  from  periodic  fluctua- 
tions. 

The  results  obtained  are  not  affected  by 
the  masking  phenomenon  of  attenuation  inherent 
to  the  standard  S.R.L.  measuring  method.  Howe- 
ver since  the  yardstick  is  S.R.L.  performance 
measured  according  to  a standard  method,  the 
rays  magnitudes  are  transformed  to  S.R.L.  va- 
lues in  dB. 

2.4.  Estimation  of  S.R.L.  - Determination  of 
the  number  of  samples 

The  N sampled  values  (X(n)}  collected 
over  a cable  section  of  length  ND,  theoreti- 
cally carry  all  the  information  pertaining  to 
the  effect  of  the  parameter  monitored  in  the 
bandwidth  investigated.  One  could  then  sample 
the  whole  length  and  compute  the  S.R.L.  direct- 
ly- 


However  this  approach  presents  disadvan- 
tages : 

- performances  cannot  be  known  - or  estimated- 
before  completion  of  the  cable  or  one  of  its 
constituents, 

- because  of  the  larger  number  of  operations 
and  the  more  complex  algorithm  involved,  the 
computation  time  is  much  greater  than  that 
required  for  shorter  sections. 

Periodic  irregularities 

Whenever  significant,  a periodic  irregu- 
larity yields  a ray  proportional  to  the  ampli- 
tude of  the  irregularity.  It  is  then  possible 
to  derive  the  resulting  S.R.L.  for  the  whole 
cable  length. 

Suppose  for  instance  that  the  parameter 
monitored  is  the  linear  capacitance  which 
fluctuates  sinusoidally  with  period  h. 

We  have  : 

M(z)  * C (z)  = Co  + AC  sin  (2n^  + 0Q)  (4) 

X (n)  - q AC  sin  (2  n n £ + 0Q)  (S) 

The  order  £a  of  the  corresponding  ray  is 
given  by  : 

(N  g ‘ I5  ?a  < <N  H + ^ 
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An  approximation  of  the  ray  amplitude 
can  be  shown  to  be,  within  one  dB,  : [Ref  5] 

I ♦ (^aJ | * 0.43  q | AC | (7) 

On  the  other  hand  the  complex  reflection 
coefficient  is  given  by  : 

P(0-L)'-'  i c§  lo  sin(2n  e ♦ V e'2YZ  dz 

where  L is  the  cable  length, 

Y the  propagation  constant  ; y * a*jB, 

A the  wave-length  at  the  frequency 
considered . 

The  maximum  amplitude  of  jP|  is  : 

Pm  " I Igl  SK  * e'20Lj  <9> 

Elimination  of  AC  and  h in  (6),  (7)  and 
(9)  yields  : 


Pm  * °-9'  qC5  I^CaJl  TJ 


TU  (2aND) ‘ /2 

Inspection  of  (13)  leads  to  the  following 
comments  : 


- P.j.0  can  be  written  as 


k Pr  N 


In  the  case  considered  q is  expressed  in 
vo 1 t /p icofarad  whereas  the  amplitude  of  the 
ray  | $ (Ca) | is  in  volts . 

The  frequency  affected  F is  implicitly 
given  by  : 

vTFT  “ TfjD  (1,) 

where  v(F)  is  the  phase  velocity  at  F. 

Random  irregularities 

Here  we  make  use  of  the  known  "grass" 
performance  of  a given  production  to  determine 
the  minimum  required  number  of  samples  N ; 
the  criterion  being  a sharp  discrimination  of 
periodic  rays  from  random  ones. 


Pm  a peak  value  of  the  reflection  coeffi- 

cient due  to  a periodic  irregularity 
at  frequency  F, 

l$(£a)l  the  corresponding  ray  amplitude, 

Pr  the  root  mean  square  value  of  the  re- 

flection coefficient  due  to  random 
fluctuations  of  the  parameter  conside- 
red in  a small  bandwidth  centered  on 
F. 

4>r  the  root  mean  square  value  of  the  rays 

magnitudes  corresponding  to  the  ran- 
dom fluctuations  defined  above. 

We  then  have  the  relationship  : 

Pm  I * (£a) I - '/2 

- 1.6  — -a—  ( 2aND)  1 (12) 

r vr 

It  can  be  shown  [Ref  6]  that  periodic 
rays  can  be  sharply  discriminated  against 
random  ones  when  the  ratio  of  amplitudes  is 
2 - i.e.  when  |4(£)l  - 2 4>r  ; we  then  define  a 

threshold  of  discrimination  by  : 


Which  means  that  given  a threshold  level,  the 
worse  the  grass  performance  the  larger  is  the 
number  of  samples  required  to  offset  the  ef- 
fect of  grass  thus  achieve  proper  discrimina- 
tion . 

- Pf  is  only  the  contribution  of  the  parameter 

considered  to  the  total  grass  amount  (|P|2)‘/2 
as  would  be  ascertained  from  S.R.L.  measure- 
ments. Then 

Pr  < < | P| 2 ) */2 

Account  should  be  taken  of  this  inequali- 
ty when  using  data  derived  from  S.R.L.  recor- 
dings . 

- since  for  the  majority  of  coaxial  pairs 

( I P I 2 ) 1 / 2 is  proport ionna 1 to  F'/“  and  since 

a increases  roughly  as  F1/2  the  threshold  of 
discrimination  is  approximately  independent 
of  frequency. 

S.R.L.  due  to  random  irregularities 

It  would  be  possible  through  a test  on 
the  rays  amplitudes  to  separate  the  random 
rays  and  compute  the  corresponding  S.R.L.  in 
restricted  bands  by  use  of  an  appropriate  for- 
mula. However,  because  of  the  lesser  importan- 
ce of  random  rays,  and  for  speed  sake,  calcu- 
lations for  random  rays  were  carried  as  though 
they  were  periodic. 

3. - EXPLOITATION  OF  THE  METHOD 

The  following  two  examples  illustrate 
the  potential  of  the  method  to  detect  sources 
of  periodic  irregularities  and  eventually  mo- 
dify processes,  supply,  or  use  of  raw  mate- 
rials. 

3.1.  Monitoring  of  periodic  irregularities 

appearing  during  the  insulation  process 


of  a coaxial  pair 

The  pairs  considered  have  the  following 
characteristics  : 

Attenuation  : 24  dB/km  at  100  MHz 

Relative  permittivity  : 1.14 

Average  grass  RMS  : 55  dB  at  100  MHz. 

The  parameter  monitored  is  the  linear  ca- 
pacitance. The  bandwidth  explored  is  600  MHz  ; 
therefore  the  sampling  interval  is  taken  as  : 

n - -AAA  = 0.47  = 0_12  m 


'i r 


D 'v  0 . 1 m 


The  threshold  of  discrimination  in  dB 
is  directly  obtained  from  (13) 

ATD  20  log10  PTD  dB 
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replacing  symbols  by  corresponding  values  - 
where  known  - yields  : 

ATD  * ‘ 20  lo*io  Pr  * 10  log10  N'43  dB 

Following  the  comment  of  paragraph  2.4 
we  assume  half  the  total  grass  contributed  by 
the  capacitance  fluctuation  of  the  insulated 
center  conductor 


since  10  log)0  (|P|J)  - - SS  dB 
- 20  log)0  Pf  =■  SS  ♦ 3 - 58  dB 
Therefore 


A 


TD 


S8  -43  ♦ 10  log,0  N 
IS  ♦ 10  log)0  N. 


The  correspondence  between  number  of 
samples  N and  resulting  threshold  levels 

is  given  in  the  following  table. 


L * 

10  Iog10  N 

ATD  dB 

28 

>=  256 

24 

39 

29 

* 512 

27 

42 

,1° 

1 - . ■ , . 

*1024 

30 

45 

For  this  type  of  pair,  the  S.R.L.  requi- 
rements were  : 


This  theoretical  result  is  corroborated  by 
the  recording  of  fig.  3c  where  all  random 
rays  are  attenuated  by  more  than  40  dB. 

3.2.  Monitoring  of  periodic  irregularities 
paused  bg  imperfections  of  inner  and 
outer  conductors 


Following  the  same  procedure  as  that  des- 
cribed for  the  control  of  insulation,  we  mo- 
nitor here  dimensional  fluctuations  instead 
of  capacitance  variations.  The  remark  on  dis- 
crimination of  periodic  from  random  irregula- 
rities through  direct  recording  applies  also 
here.  In  fact,  suppose  we  had  a * 0.4  urn 
fluctuation  on  the  thickness  of  the  band  ma- 
king up  the  outer  conductor.  If  it  were  sinu- 
soidal with  a 3 m period,  the  resulting  S.R.L. 
would  be  around  40  dB  ; If  on  the  other  hand 
the  fluctuation  were  random  and  had  a * 4.0pm 
amplitude,  the  S.R.L.  would  be  of  the  order 
of  SO  dB. 

As  an  illustration  to  such  an  analysis 
we  selected  an  example  showing  the  possibili- 
ty to  detect  spikes  that  could  go  unnoticed 
in  a conventional  control  particularly  when 
the  level  of  grass  is  high. 

The  results  are  displayed  on  fig.  4 and 
S. 


On  chart  4 we  notice  two  types  of  out- 
standing rays.  Large  ones  n*  0.7  pm  and  medium 
ones  n.  0.3  pm.  On  the  measured  S.R.L.  (fig. 
Sa)  the  former  do  show  up  clearly  whereas 
the  latter  are  shadowed  by  the  total  grass. 
Consequently,  we  were  able  to  take  steps  to- 
wards improving  the  intrinsic  quality  of  the 
bands  we  used. 


38  dB  in  the  lower  frequency  range 

30  dB  in  the  higher  one. 

So  2S6  samples  could  fulfill  the  analy- 
sis requisites.  This  small  number  of  samples 
resulted  in  fast  processing  which  was  done  on 
a desk  calculator.  The  sampled  sections  were 
26  m long  (256  x 0.1).  Since  the  speed  of  in- 
sulation was  10  m/min  the  data  collection  las- 
ted about  3 min.  The  time  of  the  processing 
being  of  the  same  order,  we  were  able  to  ob- 
tain an  information  on  the  evolution  of  one  or 
many  rays  every  5 or  6 min.  An  example  of  the 
indications  obtained  is  shown  on  fig.  2 and  3. 
Fig.  2 displays  the  estimated  S.R.L.  on  five 
different  sections  of  the  same  coaxial  pair 
1000  m long.  The  5 recordings  exhibit  a strong 
resemblance.  We  notice  periodically  spaced 
peaks  above  grass  level  ranging  from  30  to 
40  dB.  Those  peaks  do  correspond  to  various 
harmonics  caused  by  a source  we  were  able  to 
identify. 

Fig.  3 is  a comparison  between  estimated 
and  actually  measured  S.R.L.  performances.  It 
underlines  the  excellent  correlation  between 
the  two  sets  of  recordings. 

The  sequence  of  S.R.L.  values  correspon- 
ding to  random  rays  can  be  considered  as  a 
sample  from  a random  stationnary  sequence 
having  no  monotonic  trends.  The  corresponding 
average  energy  loss  should  therefore  be 
approximately  ATD  + 6 dB  » 39  + 6 * 45  dB. 


4. - CONCLUSION 

In  the  preceding  paiagraphs  we  presented 
a method  used  to  single  out  periodic  irregula- 
rities on  coaxial  cables  during  the  manufactu- 
ring process. 

The  set  up  is  adaptable  for  a direct  on- 
line monitoring  of  a parameter  not  readily 
accessible. 

The  method  does  not  require  cumbersome 
and  lengthy  operations  for  further  processing 
such  as  punching  cards  or  tapes,  recordings, 
storage,  etc...  Such  a real  time  numerical 
analysis  while  being  presently  a valuable  mo- 
nitoring tool  could  further  similar  develop- 
ments of  quality  control  assessements . 
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Fig. 2 . INSULATION  ANALYSIS  _ ESTIMATED  SRL  ON  5 DIFFERENT  SECTIONS  OF  THE  SAME  COAXIAL  PAIR 
( x AXIS  : RAY  ORDER  - y AXIS  : RAY  AMPLITUDE  IN  SRL ) 


ng.Ie.  WBM—  ESTIMATED  ENEMY  HHiUI  mil  I SECTIONS  (Sm  Fl(.)) 


RO.S.MSHUTIM  ANALYSIS _ COHNS* ISON  K TWEEN  MEASURED  ADO  ESTIMATED  SAL  PERFORMANCE 


FI tA.  BAND  THICKNESS  ANALYSIS  - RECORDED  RESULTS  OBTAINED  ON  4 SECTIONS  OF  THE  SAME  ALUMINIUM  BAND 

(x  AXIS:  RAY  ORDER  - y AXIS  : RAY  AMPLITUDE  IN  ,,m) 


Fig.  5b.  ESTIMATED  SRI  VALUES  AVERAGED  OVER  4 SECTIONS  OF  THE  SAME  ALUMINIUM  RAND  (Sm  Fl|.4) 


Fig.  5c. CORRESPONDING  ESTIMATED  ENERGY  AVERAGED  OVER  4 SECTIONS  OF  THE  SAME  ALUMINIUM  BAND  (Sm  Flg.4) 


Fig.  5.  BAND  THICKNESS  ANALYSIS  - COMPARISON  BETWEEN  MEASUREO  AND  ESTIMATED  SRI  PERFORMANCE 
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Abstract 

Insertion  loss  peaks  and  a special  form 
of  crosstalk  have  recently  been  observed  in 
multipair  cable.  These  phenomena  arise  be- 
cause of  the  propagation  of  an  undesired 
longitudinal  signal  on  an  unbalanced  pair  and 
can  seriously  limit  the  useful  operating  fre- 
quency of  present  cables.  Empirical  data  to- 
gether with  analytic  and  heuristic  models  of 
the  mechanism  are  presented.  These  reveal  an 
inverse  length-frequency  relationship  for  the 
loss  peaks  and  scaling  rates  of  12  dB  per 
doubling  of  either  frequency  or  length  for 
far  end  crosstalk. 

Introduction 

Unbalance  requirements  for  multipair 
telecommunications  cable  have  traditionally 
been  based  on  considerations  of  noise  sus- 
ceptibility in  voice  frequency  trunks  and 
subscriber  loops.  But  as  higher  frequencies 
are  used  on  twisted  pairs,  unbalance  affects 
not  only  noise  induction,  but  also  signal 
propagation . 

Signal  propagation  on  twisted  pairs 
occurs  chiefly  in  two  modes  - balanced  and 
longitudinal.  The  balanced  mode  is  normally 
used  for  information  transmittal  while  the 
longitudinal  mode  is  generally  considered  un- 
desirable (except  when  used  for  the  D.C. 
powering  of  repeaters  in  simplex  powering 
loops).  To  suppress  the  longitudinal  signal, 
the  conductors  of  a pair  are  normally  excited 
with  voltages  that  are  equal  and  opposite. 
Perfectly  balanced  pairs  propagate  these  vol- 
tages in  the  balanced  mode,  and  the  signals 
on  each  conductor  maintain  the  same  magnitude 
and  opposite  polarity  at  every  point  along 
the  line.  In  reality,  however,  pairs  are 
slightly  unbalanced  and  the  voltage  on  each 
conductor  consists  of  two  distinct  compo- 
nents - a balanced  mode  signal  and  a longi- 
tudinal mode  signal.  It  has  recently  been 
observed  that  this  longitudinal  signal  gives 
rise  to  aberrations  from  the  normal  square 
root  of  frequency  loss  characteristic  and 
also  produces  a special  form  of  crosstalk. 

Unbalance-Caused  High 
Frequency  Insertion  Loss 

Description  of  Phenomenon 

Balanced  transmission  is  the  desired 
mode  of  propagation  on  twisted  pairs,  so 
pairs  are  most  frequently  excited  with  equal 
and  opposite  polarity  voltages  on  each  con- 
ductor as  shown  in  Fig.  1.  The  difference 


Fig.  1 - Normal  excitation  of  pairs  for  bal- 
anced transmission. 

between  the  voltages  on  each  conductor, 
vl~v2'  is  the  signal  normally  detected.  The 
equation  for  this  signal  is  derived  as  Eq . 18 
in  Appendix  A and  can  be  used  to  express  the 
insertion  loss  of  an  unbalanced  pair.  Eval- 
uating this  equation  for  a pair  of  length  L 
and  dividing  it  by  the  difference  voltage  at 
the  source  (2  volts  from  Fig.  1) , the  inser- 
tion loss  of  an  unbalanced  pair  is  given  by 


20  log 


V -V 
1 2 
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=-at,L-20  log  . 1+ 


2+Kfc-K* 
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where : 

=*  near  balanced  propagation  constant 

Y £ = near  longitudinal  propagation  constant 

Kj-,  and  Kj  = dimensionless  constants  pro- 
portional to  unbalance 

The  a^L  term  represents  the  customary  bal- 
anced mode  loss  (in  dB)  which  varies  as  the 
square  root  of  frequency.  The  second  term 
contributes  additional  loss  due  to  pair  un- 
balance and  since  it  is  dependent  on  the 
phase  difference  between  the  two  modes,  oscil- 
lates with  frequency  to  produce  loss  peaks 
whenever  the  phase  difference  between  the  two 
modes  is  an  odd  multiple  of  it. 

Relationship  to  Unbalance 


Unbalance-caused  high  frequency  loss  was 
empirically  observed  in  several  jelly-filled 
T2-LOCAP  cables.  LOCAP  is  a low  capacitance, 
low  insertion  loss  multipair  cable  designed 
for  use  in  the  T2  Digital  System.  I,!  The  cable 
uses  22  gauge  copper  conductors  insulated 
with  a dual  expanded  plastic3  and  has  a mut- 
ual capacitance  of  46  nF/mile  (39  nF/mile  for 
the  air  core  version) . Because  unbalance- 
caused  degradations  are  functions  of  both 
frequency  and  cable  length,  and  because  T2 
operates  at  twice  the  frequency  (6.3  Mbaud/ 
sec.)  and  at  longer  repeater  spacings  than 
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any  other  Bell  System  digital  multipair  cable 
system,  unbalances  in  LOCAP  are  more  likely 
to  affect  system  performance  than  would  un- 
balances in  other  cables  and  other  systems. 
Additionally,  capacitance  unbalance  to  ground 
is  generally  higher  in  filled  cables  than  in 
air  core  cables.  For  these  reasons,  filled 
LOCAP  cables  were  extensively  studied. 

Figure  2 shows  insertion  loss  plots  for 
similar  twist  length  pairs  in  a 5254'  length 
of  LOCAP  cable.  Pair  A has  a capacitance  un- 
balance to  ground  of  282  pF/kft.  (2.6%)  and 
exhibits  a 1.8  dB  loss  peak  at  4 MHz.  Con- 
trastingly, Pair  B with  only  an  83  pF/kft. 
unbalance  has  the  normal  /f  loss  shape.  The 
dashed  curve  shown  is  the  computed  insertion 
loss  of  Pair  A as  calculated  in  Appendix  B. 


Fig.  2 - Insertion  loss  versus  frequency  for 
a highly  unbalanced  pair  and  a well- 
balanced  pair.  The  dashed  curve  is 
the  calculated  loss  for  the  unbal- 
anced pair. 

The  calculated  loss  agrees  well  with  the 
observed. 

It  should  be  noted  here  that  not  only 
capacitance  unbalance  to  ground,  but  also  un- 
balances in  the  other  primary  constants  can 
generate  longitudinal  signals.  However, 
capacitance  unbalance  is  readily  measurable 
and  appears  to  be  a major  cause  of  the  unbal- 
ance effects  discussed  in  this  paper. 

In  addition  to  the  two  pairs  shown  in 
Fig.  2,  many  others  were  examined  for  unbal- 
ance-caused excess  loss.  In  most  cases,  the 
loss  peaks  occurred  above  20  MHz.  This  en- 
abled excess  loss  to  be  quantified  by  extracts 
ing  an  apparent  dissipation  factor  over  the 
4 to  16  MHz  frequency  range.  This  dissipa- 
tion factor  is  termed  "apparent”  because 
the  phenomenon  is  not  intrinsic  to  the 
cable's  insulating  or  filling  materials,  but 
rather  is  related  to  pair  unbalance. 

A scatter  plot  of  the  apparent  dissipa- 
tion factor  versus  capacitance  unbalance  to 
ground  is  shown  in  Fig.  3 for  28  pairs. 

The  logarithm  of  dissipation  factor  corre- 
lates highly  (p=0.89)  with  capacitance  unbal- 
ance - strongly  suggesting  that  capacitance 
unbalance  is  the  controlling  mechanism. 


Fig.  3 - Apparent  dissipation  factor  as  a 

function  of  capacitance  unbalance  to 
ground . 

Inverse  Frequency-Length  Behavior 

As  already  discussed,  the  interaction  of 
balanced  and  longitudinal  modes  produces  loss 
peaks  on  the  nominal  /f  loss  shape.  To  a 
first  approximation,  these  loss  peaks  occur 
whenever  the  phases  of  the  balanced  and  longi- 
tudinal modes  at  the  receive  end  differ  by 
180°.  This  occurs  at  a frequency  inversely 
proportional  to  the  difference  in  delays  and 
cable  length  or  f=l/ [2  (tj-tjj)  L]  . This  inverse 
frequency-length  relationship  was  empirically 
demonstrated  by  measuring  a specific  pair  in 
two  individual  cables  and  then  splicing  all 
the  pairs  in  each  cable  together  and  recheck- 
ing the  same  pair  in  the  spliced  length. 

Figure  4 shows  the  insertion  loss  of  Pair 
12  in  Cable  A.  This  pair  has  an  unbalance  of 
190  pF/kft.  and  has  5 dB  excess  loss  at  29  MHz 


Fig.  4 - Insertion  loss  peak  at  29  MHz  in  a 
highly  unbalanced  pair  2424'  long. 

in  the  2424'  length.  Similarly,  Pair  12  in 
the  B cable  (Fig.  5)  has  7 dB  excess  loss  at 
22  MHz  in  a 26^9’  length.  Its  unbalance  is 
270  pF/kft. 
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Fig.  5 - Insertion  loss  peak  at  22  MHz  in  a 
highly  unbalanced  pair  2638*  long. 

When  these  two  pairs  were  spliced  to- 
gether in  an  unbalance  adding  manner,  the 
loss  peak  shifted  to  12  MHz  - about  half  the 
frequency  of  the  peaks  in  the  shorter  lengths 
(Fig.  6). 


Fig.  6 - Insertion  loss  peak  shifts  to  half 
the  original  frequency  when  length 
is  doubled.  Tip  and  ring  are 
spliced  unbalance  adding. 

As  before: 


where: 

f^  = frequency  of  excess  loss  peak 
for  Pair  i 

= length  of  Pair  i 

A:  = constant  = 

2 «.i-Tbi) 

For  Pair  12A, 

Ai  = a12a  = (29  MHz)  x <2-424  kft.) 

= 70.296 
For  Pair  12B, 

Aj  = A12b  = (22  MHz)  x (2.639  kft.) 

= 58.036 

Since  the  two  constants  are  not  identical,  an 
estimate  of  the  grand  A for  the  spliced 
length,  L=L^+Lj , is  their  weighted  average: 

A = A12AL12A  + a12Bl12B 
l12A  + l12B 
A = 63.907 


Then  for  the  combined  length 

f _ A _ 63,907 
L 5.062 

- 12.6  MHz 

This  is  in  good  agreement  with  the  12  MHz 
observed  in  Fig.  6. 

Reversing  tip  and  ring  conductors  at  the 
splice  tends  to  cancel  the  unbalance  and 
drastically  alters  the  loss  shape.  The  6 dB 
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Fig.  7 - Insertion  loss  versus  frequency  for 
the  pair  in  Fig.  6 when  tip  and  ring 
are  spliced  to  cancel  unbalance. 

peak  at  12  MHz  disappears,  and  a new  smaller 
one  is  introduced  that  extends  to  even  lower 
frequencies  (Fig.  7). 

Unbalance-Caused  Crosstalk 


Description  of  Phenomenon 

As  discussed  earlier,  unbalance  causes 
two  distinct  voltages  to  propagate  on  each 
conductor  of  a pair.  The  sum  of  the  total 
voltage  on  each  conductor,  V1+V2,  is  fre- 
quently called  the  "longitudinal"  signal  and 
is  given  in  Appendix  A by  Eq.  19. 


vl+v2 


Kb(2-K1)  / -Y*X  -Yb 

\e  -e 

2+Kb-K* 


For  a perfectly  balanced  pair,  Kb=Kj=0, 
and  V^+V2=0.  But  for  an  unbalanced  pair,  this 
sum  voltage  has  an  associated  current  w’  jse 
circuit  is  analagous  to  a coaxial  tube.  The 
two  wires  of  the  pair  can  be  considered  as  the 
center  conductor  and  all  the  other  wires  of 
the  cable  and  its  sheath  constitute  the  outer 
conductor.  At  carrier  frequencies,  this 
"outer  conductor"  is  primarily  those  pairs 
nearest  the  disturbing  pair.  Since  these 
pairs  carry  portions  of  the  longitudinal  cur- 
rent, any  unbalance  in  these  pairs  generates 
a difference  signal  - thereby  producing 
crosstalk . 

Near  End  Crosstalk 


Near  end  crosstalk  is  overcome  in  T2 
Systems  through  the  use  of  separate  go-and- 
return  cables.  Screened  cables,  however,  are 
frequently  used  in  other  systems  and  their 
across  screen  near  end  crosstalk  performance 
may  impose  system  limitations. 
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Figure  8 shows  a scatter  plot  of  the 
across  screen  power  sum  near  end  crosstalk 
ersus  capacitance  unbalance  to  ground  for  28 
pairs  in  a filled  screened  cable  (14  pairs  on 
each  side  of  a bisecting  screen) . Although 
T2  does  not  use  this  type  of  cable,  the 
measurements  were  made  at  T2 1 s 3.15  MHz  half- 
baud  frequency.  Correlation  of  near  end 
crosstalk  with  capacitance  unbalance  is  -0.69, 
suggesting  that  unbalance-caused  crosstalk 
contributes  significantly  to  the  total  across 
screen  crosstalk. 
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Fig.  8 


- Across  screen  power  sum  near  end 
crosstalk  as  a function  of  capaci- 
tance unbalance  to  ground. 


Far  End  Crosstalk 


T2  System  repeater  spacings  are  limited 
by  thermal  noise  and  far  end  crosstalk.  Con- 
sequently, 3.15  MHz  far  end  crosstalk  perfor- 
mance is  of  considerable  interest. 


Figure  9 shows  a scatter  plot  of  power 
sum  far  end  crosstalk  versus  capacitance 
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Fig. 


9 - Power  sum  far  end  crosstalk  as  a 

function  of  capacitance  unbalance  to 
ground. 


unbalance  to  ground  for  50  pairs  in  a 5334' 
length  of  filled  LOCAP  cable.  Correlation 
with  capacitance  unbalance  is  -0.66,  suggest- 
ing that  unbalance-caused  crosstalk  contri- 
butes significantly  to  the  far  end  crosstalk 
performance  of  these  pairs. 


Frequency  Scaling  - Frequency  scaling  of 
unbalance-caused  far  end  crosstalk  can  be  ob- 
tained from  the  following  heuristic  model. 
Although  both  impedance  and  admittance  unbal- 
ances can  be  similarly  argued,  admittance  un- 
balance will  be  treated  here. 


Consider  Pair  1 in  Fig.  10  to  be  a radi- 
ating transmitter  whose  signal  strength  is 
proportional  to  its  total  admittance  unbal- 
ance, SYiL.  Similarly,  Pair  2 is  a receiving 
antenna  whose  sensitivity  is  proportional  to 
its  admittance  unbalance,  6Y2L.  Then  the 
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Fig.  10  - Model  for  far  end  crosstalk  scaling 
between  two  unbalanced  pairs. 


crosstalk  between  these  two  pairs  is  propor- 
tional to  the  product  of  the  two  unbalances, 
6Y^6YjL^.  Now  6Y=ju6C+<5G  and  at  carrier  fre- 
quencies the  conductance  unbalance  component 
is  negligible.  Consequently,  <5Y  is  essen- 
tially dependent  only  on  capacitance  unbal- 
ance to  ground  (i.e.,  <$Y=jw6C)  and  XT  « 20 
log  (ui25Ci6C2L^ ) . Consequently,  crosstalk  in- 
creases by  12  dB  whenever  frequency  is 
doubled . 


Two  specific  observed  instances  which 
demonstrate  this  scaling  are  shown  in  Fig.  11. 


Fig. 


11  - Two  pair  combinations  illustrating 
the  12  dB  per  doubling  of  frequency 
scaling  for  unbalance-caused  far 
end  crosstalk. 


Both  these  pair  combinations  exhibit  frequency 
scalings  near  12  dB/octave  - twice  that  of  the 
commonly  assumed  6 dB  rate. 


Length  Scaling  - In  the  previous  model 
is  araued  that  XT  <*  20  log  ( uj 2 6C^6C2L^ ) - 


it  was  argued  that  XT 
Consequently,  length,  L,  which  also  appears 
as  a squared  term,  will  also  increase  cross- 
talk by  12  dB  when  doubled. 


Two  specific  instances  in  which  near  12 
dB  length  scalings  were  observed  are  given 
bfelow. 


Capacitance 


Cable 

No. 

L(kft) 

Unbalance 
(pF/kft) 
Pr.l  Pr.2 

3.15  MHz 

FEXT  Degradation  (dB) 

(dB/L)  Meas.  Predict 

A 

5.3 

125 

-77 

36.9 

B 

5.0 

206 

-93 

36.5 

11.4 

12.0 

A+B 

10.3 

164 

-85 

25.3] 

Pr.l 

Pr.2 

A 

3.0 

87 

-253 

41.1 

B 

2.3 

122 

-209 

43.0 

! 11.3 

12.1 

A+B 

5.3 

102 

-234 

30.6 

1 
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Predicted  and  measured  degradations  agree 
extremely  well.  A sample  calculation  of  the 
predicted  degradation  is  given  in  Appendix  C. 

The  above  examples  illustrate  that  far 
end  crosstalk  for  individual  pair  combinations 
can  scale  at  12  dB  per  octave  of  length  - four 
times  the  commonly  assumed  3 dB  rate.  Power 
sum  crosstalk,  however,  is  the  composite 
effect  of  many  different  kinds  of  crosstalk 
and  so  its  length  scaling  is  usually  less 
than  12  dB/octave.  Well-balanced  pairs  should 
scale  at  the  standard  3 dB  rate  while  highly 
unbalanced  pairs  should  scale  near  12  dB. 

Length  scaling  for  power  sum  far  end 
crosstalk  was  empirically  determined  by  meas- 
uring crosstalk  at  3.15  MHz  on  a one-mile 
length  of  cable  and  then  cutting  the  cable 
and  remeasuring  each  half.  Figure  12  shows  a 
scatter  plot  of  the  length  scaling  as  a func- 
tion of  capacitance  unbalance.  Correlation 


Fig.  12  - Power  sum  far  end  crosstalk  length 

scaling  as  a function  of  capacitance 
unbalance  to  ground. 

is  0.65  and  the  regression  fit  itself  is  in- 
tuitively satisfying  in  that  the  crosstalk- 
length  scaling  intercept  is  near  the  commonly 
assumed  3 dB.  Length  scaling  for  actual  pairs 
is  a strong  function  of  their  unbalance  and 
average  scaling  for  all  50  pairs  is  5.3  dB/ 
octave  - 2.3  dB  more  than  the  3 dB  rule. 

Carrier  Frequency  Unbalance 

The  previous  data  on  unbalance-caused 
phenomena  have  been  shown  to  correlate  fairly 
well  with  capacitance  unbalance  to  ground.  It 
is  clear,  however,  that  capacitance  unbalance 
is  not  the  only  form  of  unbalance.  Since  at 
voice  frequencies  yss/jojRC,  R and  C essentially 
describe  signal  propagation.  But  at  higher 
frequencies,  inductance,  L,  becomes  signifi- 
cant and  ya/(R+juL) juC.  Consequently,  while 
parameters  which  cause  unbalance-phenomena  at 
voice  frequencies  also  cause  phenomena  at 
carrier  frequencies,  inductance  unbalance  also 
becomes  significant.  For  example,  an  insulat- 
ed conductor  with  a larger  than  nominal  dia- 
meter over  dielectric  will  not  only  have  a 
lower  capacitance  to  ground,  but  also  a higher 
inductance.  These  unbalances  tend  to  compen- 
sate each  other  and  cause  only  a small  aberra- 
tion at  carrier  frequencies.  On  the  other 
hand,  if  the  change  in  ground  capacitance  is 
caused  by  a change  in  dielectric  constant 
(such  as  through  percent  expansion  of  the 
insulation) , then  inductance  unbalance  will 
not  occur.  Consequently,  the  capacitive  ef- 
fect will  not  cancel  and  high  frequency  degra- 
dation could  be  substantial.  Obviously,  a 


measure  of  all  unbalances  or  “carrier  fre- 
quency unbalance”  would  improve  the  correla- 
tions presented  here.  The  fact  that  capaci- 
tance unbalance  correlates  as  well  as  it  does 
imputes  it  as  being  a major  cause  of  high  fre- 
quency unbalance  effects. 

Summary  and  Conclusions 

Insertion  loss  peaks  and  a special  form 
of  crosstalk  have  recently  been  observed  in 
mult. pair  cable.  The  aberrations  arise  be- 
cause normal  excitation  of  an  unbalanced  pair 
with  equal  and  opposite  voltages  causes  not 
only  a balanced  signal  but  also  an  undesired 
longitudinal  signal  to  propagate  on  the  pair. 
When  detected  in  the  usual  "balanced"  fashion, 
these  two  signals  interact  with  one  another 
to  produce  loss  peaks  in  the  nominal  square 
root  of  frequency  loss  characteristic.  These 
peaks  occur  at  frequencies  inversely  propor- 
tional to  cable  length  and  have  magnitudes 
related  to  the  degree  of  unbalance. 

The  longitudinal  signal  also  causes  a 
special  form  of  crosstalk.  Far  end  crosstalk 
can  degrade  at  12  dB  per  octave  of  frequency 
rather  than  at  the  normal  6 dB  rate  and  at  12 
dB  per  octave  of  length  rather  than  at  3 dB. 

The  impact  of  these  degradations  on  car- 
rier systems  performance  depends  on  both  the 
nature  of  the  unbalance  and  on  the  particulars 
of  the  carrier  system.  High  unbalance  pairs 
in  high  frequency  systems  which  use  long  re- 
peater spacings  are  the  most  vulnerable. 

Unless  unbalances  are  improved,  unbalance 
effects  can  seriously  limit  the  application  of 
present  multipair  cables.  The  problem  is  par- 
ticularly acute  with  filled  cable  because  its 
capacitance  unbalance  is  generally  higher  than 
for  air  core.  This  is  understandable  since 
filling  a cable  exacerbates  the  capacitance 
unbalances  which  are  already  present.  But 
nevertheless,  the  recent  experiences  with  un- 
balance phenomena  discourage  any  relaxation  of 
unbalance  requirements  for  carrier  system 
cables . 
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Appendix  A 


Transmission  Line  Model 
"Of  an  Unbalanced  Pair7- 

A differential  length  of  a pair  of  wires 
adjacent  to  a shield  or  cable  core  can  be 
represented  by  the  model  shown  in  Fig.  A-l. 


If  we  assume  that  none  of  the  Z's  or  Y's  are 
functions  of  length  (i.e.,  we  have  a uniform 
line),  the  voltage  equations  (3)  and  (4)  can 
be  differentiated  with  respect  to  x and  Eqs. 
(5)  and  (6)  can  be  substituted  to  eliminate 
the  I's.  This  reduces  the  four  first  order 
differential  equations  to  two  second  order 
equations : 


d V1  r 1 

~[(Z1  + Z3>  <yl+*3>-z3Y3]Vi 

+ (Z1+Z3)Y3-<Y2+Y3)Z3jv2 

d2V2  , <7> 

* [(Z2*Z3tV3-(Y1  + Y3)Z3]v1 

- [(Z2  + Z3)  (Y2+V3)-Z2Y3jv2 

This  is  solved  by  the  usual  method  of 
hypothesizing  the  solution  to  be  of  the  form 
vl=vle_YX  and  V2=v2e*Yx  and  finding  the  values 
of  y that  yield  acceptable  solutions.  So 
substituting  for  d2Vi/dx+=Y2Vi , we  get  the 
following  matrix  equation: 


wiet  1 n 2 

SHIELD  AMO  COfiC 

Fig.  A-l  - Transmission  line  model  of  a pair 

adjacent  to  a shield  or  other  wires 
in  a cable  core. 

Each  Z is  composed  of  a resistive  and  induc- 
tive component  and  each  Y^  a conductive  and 
capacitive  one.  The  voltage  and  current  rela- 
tions for  this  structure  can  be  written  as: 


-dV1=(Z1dx) (I1+dI1)+(Z3dx) (Ix+dI1+I2+dI2)  (1) 

-dV2=(Z2dx) (I2+dI2)+(Z3dx) (I1+dI1+I2+dI2)  (2) 

-dlj^V^dxt  (v1_v2)  Y3dx 
-dI2=V2Y2dx+ IV2~V1 > Y3dx 

As  dx  approaches  zero,  it  can  be  shown  that 
the  dl's  in  Eqs.  (1)  and  (2)  become  vanish- 
ingly small  and  the  equations  become 


Y2-(Z1Y1+Z1Y3+Z3Y1)  -<Z3Y2-ZiY3)  V1  Q 


-(ZjYx-ZjjYj)  ' - ( Z2  Y2  + Z2Y  3 + Z3Y2 ) V2  0 


This  yields  nonzero  solutions  for  Vi  and  V2 
when  the  determinant  of  this  matrix  is  zero. 

So  Y can  be  found  by  solving  the  quadratic 
equation : 

[y2-(z1y1+z1y3+z3y1)] [y2-(Z2Y2+Z2Y3+Z3Y2)] 

=(Z3Y1-Z2Y3) (Z3Y2-ZXY3)  (8) 

The  solution  is  straightforward  though  compli- 
cated since  all  the  Z's  and  Y's  are  complex 
numbers.  But  since  it  is  readily  solvable  by 
computer  we  will  not  expand  it  further. 

Rather,  we  will  approximate  its  solution  for  a 
slightly  unbalanced  transmission  line  by  mak- 
ing the  following  assumptions: 

Zj  = Z;  Z2=Z+6Z;  |6Z|«|Z| 

Yx=Y+«Y;  Y2-Y;  | 6 Y | < < | Y | 

Eq.  (7)  can  then  be  approximately  solved  to 
give  the  following  four  solutions: 


=(23+22) 13+123)12 


=(Z3) l3+(Z2+Z3)I2 


=(Y3+y3)Vi-(Y3)V2 


Here  we  have  neglected  all  crossproducts  and 
powers  of  6Z  and  6Y. 

It  will  be  shown  later  that  Yb  can  be 
associated  with  the  propagation  constant  of  a 
balanced  pair  that  has  been  excited  with  a 
balanced  signal.  Likewise,  Yj,  will  be  shown 
to  be  the  longitudinal  signal  that  can  exist 
on  a pair  with  an  additional  return  path. 


-(Y3)V3+(Y2+Y3)V2 


(6) 


The  general  solution  of  the  voltage  on 
Wire  1 can  now  be  written: 


-Ybx  -Y1x  +ybx  +Ytx 
Vj=Ae  +Be  +Ce  +De 


(11) 


where  A,  B,  C,  D are  constants  determined  by 
the  boundary  conditions  (i.e.,  how  the  line  is 
excited  and  terminated).  The  A and  B terms 
with  the  negative  exponent  represent  waves 
traveling  in  the  positive  direction.  The  C 
and  D terms  represent  negative  travel ing  waves . 


mined  only  by  the  Yb  term,  providing  the  pair 
is  perfectly  symmetrical.  Otherwise,  the 
voltage  difference  is  given  by  Eq.  (15).  In 
this  case,  the  voltage  difference  has  two  com- 
ponents or  modes  that  interfere  and  reinforce, 
and  the  "balanced"  signal  is  no  longer  truly 
balanced . 

Sum  or  Longidutinal  Signal 

We  can  also  talk  about  the  sum  or  longi- 
tudinal signal.  This  is 


Infinite  Length  Line 

To  keep  the  equations  simple,  we  can  as- 
sume an  infinite  length  line.  Then,  in  order 
to  have  finite  voltages  at  all  points,  C and  D 
must  equal  zero.  Proceeding  with  this  assump- 
tion, Eq.  (7)  is  used  to  find  the  voltage  on 
Wire  2: 

(ZlYl+zl*3+z3*l-7b2)  -Ybx 
v2= — rr: Ae 


zl*3-z3y2 

(Z1Y1  + Z1Y3+Z3Y1'U2)  *y1x 
► Be 

Z1Y3‘Z3Y2 


(12) 


*Ybx  -Ttx 

vl+v2=-KbAe  +(2-Kt)Be 


(16) 


If  Kb=Kj.  = 0,  this  sum  signal  is  2Be“Ytx.  This 
is  at  times  called  the  longitudinal  signal  on 
a pair  because  the  current  is  traveling  in  the 
same  direction  on  both  conductors  and  is  re- 
turning entirely  on  the  shield  or  other  con- 
ductors. As  long  as  the  pair  is  perfectly 
symmetrical,  the  signal  will  be  determined  en- 
tirely by  the  y^  term  so  y^  is  frequently 
called  the  longitudinal  propagation  constant 
and  e-7ex  tbe  longitudinal  mode.  This  termi- 
nology is  accurate  only  if  Kb  and  are  zero. 
Otherwise,  the  sum  signal  actually  consists  of 
both  modes. 


-ybx  -y  £x 

V2=-(l+Kb)Ae  + ( 1-Kj)  Be 


(13) 


where  Kb  and  K*  are  defined  from  Eq.  (12). 

Once  again,  we  can  assume  a slightly  unbalanc- 
ed line  and  derive  the  following  approxima- 
tions : 


Kb= 


6Z(Y+2Y3)-(Z+2Z3 


) 6Y 


2 (ZY3-Z3Y) 


Kj3 


Z 5 Y- 6 Z Y 
2 (ZY3-Z3Y) 


(14) 


Note  that  Kb  and  Ki  are  directly  proportional 
to  the  unbalances  in  Z and  Y.  So  as  <5Z  and 
5Y  approach  zero,  Kb  and  will  approach 
zero. 

The  denominator  of  Kb  and  K&  is  the  dif- 
ference of  two  terms.  It  can  be  approxi- 
mately shown  that: 

2(ZY3-Z3Y)SYb2-Yl2 

So  if  the  two  modes'  propagation  constants  are 
close  to  each  other,  the  denominator  will  be- 
come small  and  Kb  and  can  become  large  even 
though  the  unbalances  are  small.  When  this 
occurs  the  voltage  on  Wire  2 becomes  very 
different  from  V3  and  unusual  transmission 
effects  will  occur. 

Difference  or  Balanced  Signal 

The  usual  mode  of  operation  of  a pair  is 
to  send  and  receive  a balanced  signal.  That 
is,  one  deals  with  the  difference  between  V3 
and  '?2: 


-YkX 


Vx-V2=(2+Kb)Ae  tK^Be 


-y  1* 


(15) 


If  the  pair  is  perfectly  balanced  (i.e.,  oY= 

•5 Z = 0 ) , then  Kb=Kp=0  and  the  difference  signal 
is  just  2Ae"Ybx.  That  is,  even  if  both  modes 
are  excited  and  A and  B are  nonzero,  the  dif- 
ference between  the  voltages  will  be  deter- 


Currents  and  Impedances 

Substituting  Eq.  (11)  for  V3  and  Eq . (13) 
for  V2  into  Eqs.  (5)  and  (6),  we  calculate  the 
currents  for  an  infinite  line  to  be: 


yj-H2+Kb)  Y3 
1b 


-y.  x 


Ae 


b%VllKfV_3Be'YlX 

U 


(l+Kb)Y2+(2+Kb)Y3  -Ybx 
1 9 =-  ■ A 6 

2 *b 


t (l-Kb)Y2-(Kt)Y3^-Ytx 


where  Kb  and  K£  can  be  found  from  Eq.  (12)  for 
any  line  or  can  be  approximated  from  Eq.  (14). 
For  a perfectly  balanced  line,  Kb=K^=0,  and  it 
is  easily  shown  that 


/Y3+y/2  -Ybx  3 / 2Y  _ -Y*x 

I1~2J  2 Z Ae  2\Z3+Z/2Bc 


2~  v 2 


Y/2  -Ybx  1 / 5y  _Yllx 


L2~~il  2Z  Ae  +2>/z3  + Z/2Be 

From  this  we  can  define  the  two  characteristic 
impedances  to  be: 

VX-V2  _ 

Ob  ( I x-l2 ) /2  \Y3+Y/2 


(V1+V2)/2  _ /Z j+Z/2 
‘01‘  I1  + I2  JlT 


When  K^O  or  K{/0  these  impedances  can  no 
longer  be  so  simply  defined  since  the  sum  and 
difference  signals  contain  both  modes.  Rather 
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1 1 ■ 


(19) 


r 


an  impedance  matrix  must  be  used  to  relate 
and  V2  to  and  I2.*  In  this  case,  ZQb  and 
ZOi  as  defined  above  no  longer  have  any  in- 
trinsic meaning. 

Boundary  Conditions 

To  see  how  A and  B are  determined  by  the 
boundary  conditions,  assume  that  the  infinite 
line  is  excited  by  connecting  a perfect  vol- 
tage source  to  the  beginning  of  the  line 
(Fig.  A-2) . Therefore,  at  x=0,  we  must  have 

vt 

will  1 


SMIftO  AND  COtf 


V} 

Will  1 

Fig.  A-2  - Boundary  conditions  at  the  source 
on  an  infinitely  long  pair. 

from  Eqs.  (11)  and  (13) 


V3 (x=0) =Vsl=A+B 
V2(x=0)=Vs2=-(l+Kb)A+(l-Ki)B 


So 

ft-VSl(l-Kt)-Vs2.  p.Vsl(l^b)tys2 

2 + Kb-Kt  ' 2 + Kb-K  1 


(17) 


This  implies  that  if  one  has  an  unbalanced 
line  and  desires  to  excite  only  the  yb  mode, 
then  Eq.  (17)  can  be  used  to  find  the  type  of 
excitation  that  would  set  B=0.  This  requires 


Vs2=-V3l<l+Kb) 


So,  if  Kfc=0,  the  two  voltages  need  to  be 
equal  in  magnitude  and  opposite  in  sign. 

This  is  the  normal  condition  for  exciting  a 
balanced  pair.  However,  if  Kb^0,  since  Kb  is 
a complex  number,  the  two  generator  voltages 
will  be  unequal  in  magnitude  and  with  a phase 
difference  other  than  180°.  But,  even  though 
this  excitation  will  generate  only  one  mode, 
there  will  still  be  both  a net  difference 
signal  (Eq.  (15))  and  a sum  signal  (Eq.  (16)). 
This  cannot  be  avoided  if  the  line  is  un- 
balanced since  it  is  impossible  to  set  Eq. 

(16)  equal  to  zero  over  a wide  frequency 
range . 


Since  unbalanced  pairs  are  usually  ex- 
cited in  a balanced  manner,  let  us  continue 
and  calculate  the  transmission  response  for 
Vg3=+1  and  V_2=-l  volts.  A and  B are  found 
from  Eq.  (17)  and  the  difference  or  "balanced" 
signal  is  found  from  Eq.  (15)  to  be 


-*bx 

Vi-V2=e 


KbKi 

2*Kb-Ke 


(18) 


Similarly,  by  substituting  A and  B from  Eq. 
(12)  into  Eq.  (16),  the  sum  or  "longitudinal" 
signal  becomes 


v,+vn  = 


Kb(2-Ke) 

2+Kk-K0 


Appendix  B 

Computed  Insertion  Loss  of 
262  pF/kft  Unbalanced  Pair 

The  insertion  loss  of  the  LOCAP  pair  in 
Fig.  2 having  a capacitance  unbalance  of  282 
pF/kft.  (2.6%)  was  calculated  using  the 
formulas  developed  in  Appendix  A.  The  vari- 
ous wire  parameters  used  are  as  follows  (all 
units  are  per  mile): 

Y1=juC1=ju(57.02  nF) 

Y2  = ju)C2  = jw(58.51  nF) 

Y3  = ju,C3=ju(16.81  nF) 

Ci-C2=262  pF/kft 

L3=I,2=610  uH 

L3=190  uH 

R1=R2=250/Freq. (MHz)  ohms 
R3=90/Freq. (MHz)  ohms 
Z^=R^+ juL^ 

Here  we  have  neglected  the  small  effect  of 
conductance  on  the  Y's. 

The  values  for  the  above  parameters  were 
derived  as  follows:  the  C's  were  measured  at 

1 kHz  using  a capacitance  bridge;  the  balanc- 
ed R3  and  L3  were  derived  from  the  nominal 
attenuation  and  phase  of  LOCAP;  the  lack  of 
any  R or  L unbalance  was  determined  from  open 
and  short  circuit  impedance  measurements  on 
the  two  conductors  of  the  pair;  R3  and  L3 
were  estimated  from  the  attenuation  and 
delay  of  the  longitudinal  signal  as  well  as 
being  selected  to  locate  the  loss  dip  at  4 
MHz. 


When  these  parameters  are  substituted 
into  the  exact  Eqs.  (8),  (12)  and  (18),  the 
following  values  for  Yb»  Yt,  Kb,  Kj.  and  trans- 
mission deviation  are  derived.  (The  approx- 
imate equations,  (9),  (10)  and  (14),  are  not 
sufficiently  accurate  for  unbalances  this 
large. ) 


Freq.  Gama Transmission  Dev. 


(MHz)  Mode 

(nep) 

(rad) 

K 

(dB) 

(Deg) 

1 b 

l 

1.54 

1.63 

j 46.85 
j 47.63 

-.612  -1.049 
-.736  -1.122 

-.2 

4.4 

4 b 

l 

3.07 

3.27 

J187.3 

1190.4 

-.617  -1.025 
-.756  -1.063 

-1.9 

1.8 

8 b 

8. 

4.35 

4.62 

J 374 .6 
1380.8 

-.618  -1-018 
-.759  -1.045 

-0.2 

-.4 

12  b 

* 

5.32 

5.66 

J561. 9 
1571.2 

-.618  -1.014 
-.760  -1.037 

-1.8 

1.6 
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As  this  table  and  Fig.  2 show,  the  attenua- 
tion deviation  peaks  whenever  the  difference 
between  the  two  modes'  phases  is  an  odd 
multiple  of  Pi.  Also  apparent  is  the  fact 
that  Kb  and  are  mainly  real  and  vary  only 
slightly  with  frequency. 


Appendix  C 

Sample  Calculation  of  FEXT 
Degradation  with  Length 

The  predicted  crosstalk  degradation  is 
calculated  by  taking  the  product  of  the 
capacitance  unbalance  for  each  pair  in  the 
long  length  and  dividing  this  by  the  weighted 
average  of  the  unbalance  product  for  the  two 
pairs  in  each  shorter  length. 


P«  I 
P«  2 


1 

1 

lA 

LS 

ClA 

1 

C|B 

C2A 

1 

1 

1 

C2B 

1 i 1 

Fig.  C-l  - Model  for  calculating  unbalance- 
caused  far  end  crosstalk  degrada- 
tion with  length. 


FEXT  degradation  = 
20  log  


lclc2| 


C!AC2A 


LA+ 


C1BC2B 


La+lb 


Where : 


CiA=total 

unbalance 

of 

Pair 

1 

in 

length 

La 

CiB=total 

unbalance 

of 

Pair 

1 

in 

length 

Lb 

c2A=total 

unbalance 

of 

Pair 

2 

in 

length 

La 

c2B=total 

unbalance 

of 

Pair 

2 

in 

length 

lb 

C1”C1A+C1B 

C2”C2A+C2B 

For  the  first  example  given  in  the  text: 
LA«5.3  kft 
Ljj=5.0  kft 

C1A=1 25 ( 5 . 3) =662 
C1B=206(5.0)-1030 
C2a—  77(5.3)  =-408 
C2B=-93<5-°>”-465 


FEXT  degradation  = 


20  log 


1 1692  (-873) 


|662(-408)|5. 3+ 11030(-465)|5.0 


20  log 


5. 3+5.0 
1,477,116 


371,381 
= 20  log  3.98 
= 12.0  dB 
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CHARACTERIZATION  OF  CROSSTALK  IN  TWISTED  PAIR  TELEPHONE  CABLES  WITH 
NONMATCHED  TERMINATIONS 
by 

J.  C.  Isaacs,  Jr.,  T.  F.  McIntosh  and  T.  D.  Nantz 
Bell  Laboratories 
Norcross,  Georgia  30071 


Abstract 

A mathematical  model  is  presented  which 
predicts  pair-to-pair  crosstalk  in  twisted 
pair  telephone  cables  for  any  set  of  non- 
matched,  but  balanced,  terminating  impedances. 
This  model  can  be  used  to  greatly  reduce  the 
number  of  measurements  required  to  character- 
ize crosstalk  performance  in  the  low  fre- 
quency range  down  to  voice  frequencies.  Using 
four  nonmatched  crosstalk  measurements  for  a 
given  pair  combination,  along  with  the  prop- 
agation constants  and  characteristic  imped- 
ances of  both  the  disturbing  and  disturbed 
pairs,  the  model  predicts  crosstalk  at  a 
given  frequency  for  any  matched  or  nonmatched 
terminations . 


strongly  affected  by  the  terminating  con- 
ditions of  the  pairs,  a prohibitively  large 
amount  of  crosstalk  data  measured  under 
various  terminating  conditions  would  be 
required  for  adequate  characterization.  A 
theoretical  model  for  crosstalk  prediction 
which  accounts  for  the  effects  of  nonmatched 
terminations  was  needed  to  keep  the  number 
of  necessary  measurements  to  a minimum. 

The  analytical  crosstalk  model  that  was 
developed  and  the  results  of  an  experimental 
verification  of  the  model  are  presented  here 
in . 

Low  Frequency  Crosstalk  Model 


Extensive  measurements  show  good  agree- 
ment between  measured  and  model-predicted 
crosstalk  values  to  frequencies  as  low  as 
10  KHz.  Differences  between  the  measurements 
and  predictions  are  typically  less  than  half 
a dB  for  a wide  range  of  terminating  con- 
ditions. These  results  show  that  it  is 
possible  to  utilize  the  model  to  characterize 
crosstalk  at  low  frequencies  for  any  termin- 
ating conditions  with  a relatively  small 
basic  set  of  nonmatched  measurements. 

I ntroduction 


Crosstalk  is  a significant  source  of 
interference  which  can  limit  the  rate  of 
information  transmission  in  multipair  cable 
systems.  Previous  characterizations  of 
crosstalk  in  multipair  cables  have  been  based 
on  measurements  made  principally  in  the 
frequency  range  from  100  KHz  to  10  MHz,  with 
the  terminations  reasonably  well  matched  to 
the  impedances  of  the  pairs.  Crosstalk  data 
below  100  KHz  has  been  sparse  and  of  limited 
usefulness  because  the  characteristic  imped- 
ance of  the  cable  pair  changes  rapidly  with 
frequency  in  this  range.  Thus  it  is  impos- 
sible to  approximately  match  the  pairs  with 
fixed  terminations  except  over  a relatively 
narrow  bandwidth.  For  the  nonmatched  con- 
ditions, voltage  reflections  at  the  termin- 
ations can  significantly  affect  measured 
crosstalk,  particularly  as  the  attenuation 
drops  with  decreasing  frequency.  Crosstalk 
loss  measurements  made  for  one  set  of  ter- 
minating conditions  can  differ  by  10  dB  or 
more  from  those  at  the  same  frequency  for  a 
different  set  of  terminations. 

The  increasing  number  of  new  services  on 
multipair  cable  which  operate  in  the  fre- 
quency range  below  100  KHz  has  emphasized  the 
need  for  crosstalk  characterization  in  this 
range.  Since  crosstalk  at  low  frequencies  is 


The  low  frequency  crosstalk  model  is 
based  on  the  following  assumptions: 

(1)  The  crosstalking  circuits  comprise  a 
linear  system. 

(2)  "Weak"  coupling  exists  between  the  pairs, 
i.e.,  the  effects  of  the  disturbed  cir- 
cuit on  the  disturbing  circuit  can  be 
neglected . 

(3)  Single  mode  propagation  is  present  on 
both  pairs.  (This  paper  is  confined  to 
balanced  mode  propagation.) 

The  first  assumption  implies  that  the  super- 
position principle  holds.  The  weak  coupling 
assumption  allows  for  a straightforward 
analysis  of  the  voltage  and  current  on  the 
disturbing  pair.  The  third  assumption  great- 
ly simplifies  the  derivation  of  the  model 
formulas  and  reinforces  assumption  2. 

Since  weak  coupling  is  assumed,  the 
voltage  and  current  on  the  disturbing  pair 
can  be  analyzed  independently  of  the  voltage 
and  current  on  the  disturbed  pair.  Using 
elementary  transmission  line  analysis*,  the 
voltage  and  current  at  point  x on  the  dis- 
turbing pair  are  of  the  form: 


'rlx  rlx 
V1 (x)  = Axe  + A2e 


(la) 


lx  (x) 


-r 


[A^e 


lx 


rix 

A2e  ]f 


(lb) 


100 


1 


where  A^  and  A2  are  complex  coefficients 
determined  from  the  terminating  conditions  of 
the  disturbing  line,  is  the  propagation 
constant  for  the  disturbing  line,  and  Zgj  is 
the  characteristic  impedance  of  the  disturb- 
ing line. 


istic  impedance  of  circuit  2,  and  w is  the 
radian  frequency. 

If  the  near-end  crosstalk,  N(w),  and  the 
equal  level  far-end  crosstalk,  F(o),are 
defined  as  (See  Figure  1) 


N(u) 

and 


V,(0) 

- v^oT 


(3a) 


F(w)  A 


V2U) 

-r  I 

VjlOJe  1 


(3b) 


then  a reflection  analysis  of  the  disturbed 
circuit,  using  Equation  (2) , yields  the 
following  formulas: 


N(u))“K^IC^jNA(u))-fC^2fl2^aJ^+^N3^21^w^+^N4^B^w^  1 (4a) 

F(u))"Kp-[Cj,2NA(w)+Cp2Fx2^w^+^'F3^21^w^+^F4^B^w^  ^ (4b) 

where : 


K 


N 


ZN(1^> 

- <a1+a2>knf 


(5a) 


Figure  1 shows  the  circuit  diagram  for 
the  crosstalk  model.  Currents  and  voltages 
are  induced  in  the  disturbed  circuit  through 
capacitive  and  inductive  couplings  (See 
Reference  2).  At  a given  point  x along  the 
disturbing  line  the  currents  and  voltages 
given  by  Equation  (1)  represent  steady  state 
values.  These  voltages  and  currents  can  be 
considered  as  resulting  from  a summation  of 
steady  state  component  values  caused  by  re- 
flections from  the  disturbing  pair  termin- 
ations. Similarly,  the  voltages  and  currents 
on  the  disturbed  pair  can  be  considered  as  a 
sum  of  steady  state  components  resulting  from 
termination  reflections.  Since  the  disturbed 
circuit  does  not  affect  the  disturbing 
circuit,  and  the  principle  of  superposition 
applies,  the  summation  process  in  the  dis- 
turbed circuit  can  be  analyzed  using  the 
voltages  and  currents  represented  by  Equation 
(1).  The  initial  steady  state  current  on  the 
disturbed  line  at  point  x can  be  resolved  in- 
to a near-end  and  far-end  component  (See 
Figure  1) . 


Cc(x)  Lc(x) 

IN<X)  = V1(x)jw  j I j ( x)  jw  g <2a> 


I Cc(x)  L(X)  , 

IF(x)  = - jV1(x)ju1-^ + IJl  (x)  ),( 2b) 

where  the  subscripts  N and  F refer  to  the  near 
end  and  far-end,  respectively.  Cc(x)  and  Lc(x) 
are  the  capacitive  and  inductive  coupling 
components  at  point  x.  Zg2  is  the  character- 


Z ( 1+k' ) 

X & _E — E 

F — (A^+A2)KfjF 


(5b) 


A 20Z~.Zfl 
Z02+ZN 


= current  reflection  co-  (5c) 
efficient  for  the  near-end. 


x- 

F - z +Z„ 
02  F 


current  reflection  co-  (5d) 
efficient  for  the  far-end- 


NF 


-2T  £ 

= 1 - k'k^e  2 


( 5e) 


Lc(x) 

Z02Cc  (x)+"T 


-O'  +r  )x 
e 1 2 dx  (5f) 
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=N(w)  (circuit  1 to  circuit  2)  with  termin- 
ating impedances  matched  to  the  lines. 


F12AJue(rrr2)£  / 1/2 
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, -(r,-r-)x  ..  . 

e 1 2 dx  (5g) 


=F(u)  (circuit  1 to  circuit  2)  with  terminat- 
ing impedances  matched  to  the  lines 
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)x 

dx 


(5h) 


=F(w)  (circuit  2 to  circuit 
ating  impedances  matched  to 


1)  with  termin- 
the  lines. 
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=N(*.)  (circuit  1 to  circuit  2)  with  termin- 
ating impedances  matched  to  the  lines,  and 
measured  at  the  opposite  end  of  the  cable  from 
which  was  measured. 
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( 5m) 

The  subscripts  1 and  2 on  the  terms  in  paren- 
thesis indicate  measured  or  calculated  quan- 
tities for  terminating  conditions  1 and  2. 

(5n)  The  matrix  Equation  (6b)  can  be  solved  for 

21m  to  obtain  the  matched  crosstalk  coeffi- 
cients. These  coefficients  can  then  be  used 
in  Equation  (4)  to  calculate  N(u)  and  F(u) 
for  any  set  of  balanced  terminations,  given 
(5o)  the  propagation  constants  and  the  character- 

istic impedances  of  the  two  pairs. 
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Equation  (4)  indicates  that  N(w)  and 
F(w)  can  be  calculated  for  any  set  of  balanced 
terminating  conditions  if  the  matched  coef- 
ficients Na,  Fj.2»  f21'  an<3  NB  are 
These  coefficients  can  be  obtained  by  measur- 
ing N(w)  and/or  F(w)  under  four  sets  of 
terminating  conditions.  Using  two  near-end 
and  two  far-end  measurements.  Equation  (4) 
can  be  expressed  in  matrix  notation  as: 


FIGURE  2 


INSERTION  RATIO  MEASUREMENT 
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Crosstalk  Measurements 


Crosstalk  measurements  are  performed 
utilizing  a Computer-Operated  Transmission 
Measuring  Set  (COTMS)3.  COTMS  employs  a 
standard/ unknown  comparison  technique  to 
measure  insertion  loss  and  phase  in  the 


10  KHz  to  10  mHZ  with  a repeatability  of 
0.1  dB.  A repeatability  of  1.0  degrees  for 
phase  is  attainable  at  the  150  dB  level. 

Below  100  dB,  the  repeatability  of  loss  and 
phase  for  the  full  frequency  range  is  improv- 
ed to  0.05  dB  and  0.1  degrees^. 

The  crosstalk  of  a cable  pair  can  be 
expressed  in  terms  of  the  insertion  loss 
and  phase  which  COTMS  measures.  Referring 
to  Figure  2,  the  insertion  ratio  ( I R)  is 
defined  as  the  ratio  of  the  voltage  at  the 
detector  prior  to  the  insertion  of  the  net- 
work (V^)  to  the  voltage  at  the  detector 
after  insertion  of  the  network  (v£) . In- 
sertion loss  is  equal  to  20  log^g  lIRl  and 
insertion  phase  is  the  angle  of  IR. 


The  near-end  and  far-end  crosstalk 
losses  are  defined  by 


N<">dB  - 

-20  log1()|N(u)  | 

(8a) 

150 

P<“>dB  “ 

-20  log10|F(w) | , 

(8b) 

where  N(w)  and  F(w)  are  given  by  Equation 
(3).  Equation  (8)  expresses  crosstalk  loss 
as  a positive  number.  Crosstalk  phase  is  the 
angle  of  either  N(u)  or  F(w).  Figures  3 and 
4 show  the  COTMS  circuit  configurations  for 
insertion  ratio  measurements  from  which  near- 
end and  far-end  crosstalk  losses  and  phases 
are  derived.  ZR,  Zjj  and  ZR  are  selectable 
resistive  terminations.  In  terms  of  the 
measured  insertion  loss  and  the  terminating 
conditions,  the  near-end  crosstalk  becomes 


(ZG+ZT)ZD 


N(“VILdB-20  lo«10 

For  equal  level  far-end  crosstalk, 


(Z  +Z  )Z 
G D T 
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FIGURE  4 

TAR  INO  CROSSTALK  MIASUIIMiNT 
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When  the  generator,  detector,  and  resis- 
tive terminations  are  matched  to  the  char- 
acteristic impedance  of  the  pairs,  the  near- 
end crosstalk  loss  NtuO^g  in  Equation  9 is 
equal  to  the  measured  crosstalk  insertion 
loss.  For  this  same  matched  case,  Ftw)^ 
reduces  to  the  measured  crosstalk  insertion 
loss  minus  the  transmission  insertion  loss 
of  the  disturbing  pair,  measured  between  the 
same  matched  generator  and  detector.  If  the 
generator  and/or  the  detector  and/or  the 
terminating  resistors  are  not  matched,  as 
will  generally  be  the  case  in  the  low  fre- 
quency range,  the  crosstalk  of  interest  must 
be  computed  from  Equations  9 or  10. 

In  addition  to  the  crosstalk  insertion 
loss  measurements,  the  propagation  constant 
(T)  and  characteristic  impedance  (ZQ)  for 
each  pair  must  be  obtained  at  each  measure- 
ment frequency.  These  parameters  are  ob- 
tained from  transmission  insertion  loss 
measurements  utilizing  previously  published 
techniques*. 

The  measurements  of  pair-to-pair  near- 
end and  far-end  crosstalk  loss  and  phase,  along 
with  the  transmission  properties  of  the 
individual  pairs,  provide  the  inputs  required 
to  solve  Equation  (6)  for  the  matched  cross- 
talk coefficients  (NA,  Fj2»  F21>  nb' • F°ur 
crosstalk  measurements  with  known  terminating 
conditions  are  required.  After  extensive 
testing,  the  following  four  conditions  were 
selected  (Refer  to  Figures  3 and  4) s 

1.  Near-end  crosstalk  measured  with 
ZR  = ZF  * °° 
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2.  Near-end  crosstalk  measured  with 


ZR  * ZF  = 0 

3.  Far-end  crosstalk  measured  with 
ZR  = ZN  " “ 

4.  Far-end  crosstalk  measured  with 


The  model  verification  program  divided 
naturally  into  two  phases,  Phase  A involved 
performing  measurements  and  predictions  for 
a small  set  of  pair  combinations  for  a range 
of  frequencies  and  for  a variety  of  termin- 
ation mismatch  conditions.  Phase  B examined 
a large  set  of  pair  combinations  for  a range 
of  frequencies  and  for  a single  set  of  mis- 
matched terminations. 


The  actual  measurements  to  verify  the 
crosstalk  model  were  all  made  on  a 2000-foot 
length  of  standard  production  25-pair,  26- 
gauge  air  core  PIC  cable. 

Computations  and  Model  Verification 

The  measurement  data  for  the  25-pair, 
26-gauge  cable  were  transferred  to  a general 
purpose  computer  for  processing  and  analysis. 
Computer  programs  have  been  implemented  to 
accomplish  the  basic  data  flow  shown  in 
Figure  5.  The  dashed  vertical  line  divides 
the  COTMS  measurements  and  processing  from 
the  general  purpose  processing.  Crosstalk 
measurements  fcr  selected  mismatched  con- 
ditions are  used  as  input  to  Equation  (6) 
to  evaluate  the  matched  crosstalk  coeffi- 
cients. These  coefficients  in  turn  are  used 
to  compute  pair-to-pair  crosstalk  for  other 
termination  conditions.  Comparisons  can  be 
made  on  a pair-to-pair  or  statistical  basis. 
The  transmission  properties  are  measured 
separately  and  become  input  parameters  to 
the  programs. 


Table  I shows  a sample  comparison  at 
100  KH z from  Phase  A,  utilizing  pair  number 
03  for  the  disturbing  circuit  and  pair 
number  04  for  the  disturbed  circuit.  No 
significant  change  in  accuracy  was  observed 
for  an  extensive  variety  of  terminating 
conditions.  Two  other  pair  combinations 
were  examined  for  selected  sets  of  non- 
matched  terminations  with  similar  results. 

The  two  near-end  and  two  far-end  measure- 
ments used  to  obtain  the  matched  crosstalk 
coefficients  are  included  in  Table  I. 

One  test  of  the  validity  of  the  model  is 
to  examine  the  maximum  differences  between 
measurements  and  predictions  for  all  termin- 
ation conditions  tested.  This  worst-case 
comparison  is  shown  in  Table  II  for  four 
frequencies  for  pair  combination  03/04.  The 
apparent  improving  model  performance  with 
increasing  frequency  was  not  consistently 
observed  for  other  pair  combinations  examined. 

Phase  B of  the  model  verification  in- 
volved the  measurement  and  prediction  of  cros- 
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talk  for  a large  set  of  the  300  possible  pair 
combinations  of  the  25  pair  cable.  This  phase 
tests  the  model  under  a variety  of  pair 
separations,  twist  length  configurations,  and 
capacitance  unbalance  conditions.  Two  near- 
end and  two  far-end  measurements  were  made 
for  each  pair  combination,  utilizing  the  open 
and  short  circuit  conditions  required  for 
evaluating  the  matched  coefficients.  Measure- 
ments were  also  made  for  the  following 
additional  set  of  nonmatched  terminations: 

Zq  = 600  ohms 

ZR  = 900  ohms 

ZN  = Zp  = 135  ohms. 

Figure  6 shows  the  average  near-end  and  far- 
end  crosstalk  loss  versus  frequency  for  this 
termination  condition. 

Table  III  compares  the  statistics  of  the 
measured  and  predicted  near-end  and  far-end 
crosstalk  for  five  frequencies.  The  differ- 
ence between  the  mean  measured  and  predicted 
crosstalk  i.s  less  than  approximately  0.5 
dB,  and  this  difference  exhibits  no  appar- 
ent trend  with  frequency. 


Summary 

A mathematical  crosstalk  model  has  been 
described  which  can  greatly  reduce  the  number 
of  measurements  required  to  characterize  the 
crosstalk  performance  of  twisted  pair  cable 
with  nonmatched  terminations.  The  model  is 
particularly  useful  for  the  low  frequency 
range  down  to  voice  frequencies.  Extensive 
model  verification  testing  has  been  performed 
using  a 25-pair,  26-gauge  PIC  cable  for  a 
range  of  terminations,  frequencies,  and  pair 
combinations.  The  model  typically  predicts 
near-er.d  and  far-end  pair-to-pair  crosstalk 
to  within  0.5  dB  of  measured  values  for 
termination  conditions  between  zero  and 
infinite  ohms,  for  frequencies  between  10  KHz 
and  150  KHz,  and  for  the  pair  configurations, 
twist  schemes  and  capacitance  unbalances 
characteristic  of  standard  production  cables. 

Future  work  will  expand  the  model  verif- 
ication to  other  gauge  and  pair  size  cables, 
and  to  lower  frequencies,  and  will  examine 
crosstalk  length  scaling  laws  for  nonmatched 
terminations . 


TABLE  I 

PAIR-TO-PAIR  CROSSTALK 
PAIRS  03/04 
100  kHz 

NEXT 


ZR 

(Ohms ) 

zF 

(Ohms ) 

Measured 

(dB) 

Predicted 

(dB) 

Difference 

(dB) 

00 

“ 

86.13 

86.13 

- 

0 

0 

75.26 

75.26 

- 

100 

00 

83.86 

83. b8 

0.02 

100 

0 

78.13 

77.91 

-0.22 

100 

100 

80 . 30 

80.18 

-0.12 

ao 

100 

83.98 

83.91 

-0.07 
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100 

77.86 

77.95 

0.09 

FEXT 

Zr 

(Ohms) 

ZN 

(Ohms) 

Measured 

(dB) 

Predicted 

(dB) 

Di  f ference 
(dB) 

ao 

00 

83.48 

83.48 

- 

0 

0 

69.85 

69 . 85 

- 

100 

oo 

75.89 

75.93 

0.04 

100 

0 

72.93 

72.72 

-0.21 

100 

100 

74.  33 

74.29 

-0.04 

00 

100 

81.44 

81.33 

-0.11 

0 

100 

70.84 

71.01 

0.17 

105 


r 


PAIR- 

TABLE 

-TO-PAIR 

II 

CROSSTALK 

PAIRS 

0 3/0  4 

NEXT 

Frequency 

(kHz) 

Zr 

( Ohms ) 

zF 

( Ohms ) 

Measured 

(dB) 

Predicted 

(dB) 

Di  f ference 
(dB) 

10 

0 

600 

107.65 

106.32 

-1.33 

50 

0 

600 

89.41 

89.85 

0.44 

100 

600 

0 

81.17 

80.92 

-0.25 

150 

100 

100 

75.55 

75.66 

0.11 

FEXT 

Frequency 

(kHz) 

ZR 

(Ohms) 

ZN 

(Ohms) 

Measured 

(dB) 

Predicted 

(dB) 

Difference 

(dB) 

10 

0 

00 

97.83 

96.81 

-1.02 

50 

100 

oo 

78.84 

79.25 

0.41 

100 

00 

0 

78.79 

78.45 

-0.34 

150 

600 

00 

86.57 

87.02 

0.45 

TABLE 

III 

AVERAGE  CROSSTALK 
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Frequency 

(kHz) 

Measured 

(dB) 

Predicted 

(dB) 

Difference 

(dB) 
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Mean 

100.67 

100.46 

-0.21 
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6.55 

-0.05 

28 
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91.79 
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-0. 39 
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6.50 

6.77 

0.27 

56 

Mean 

84.73 
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-0.35 
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6.12 
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81.94 
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0.32 

150 

Mean 

78.69 

78.40 

-0.29 
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-0.4  3 
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6.76 
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6.82 

6.84 

0.02 
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SUMMARY 

The  telephone  industry,  in  establishing  cable  speci- 
fication parameters,  appears  to  have  overlooked  the 
effects  of  cable  unbalances  on  power  induced  circuit 
noise  under  field  operating  conditions.  Until 
recently,  for  example,  capacitance  unbalance  objec- 
tives were  specified  to  shield.  Actual  operating 
conditions  indicate  that  objectives  for  capacitance 
unbalance  to  ground  are  more  realistic. 

While  there  have  been  some  internal  studies  completed 
by  various  organizations,  there  is  little  recently- 
published  data  on  this  important  subject.  Such 
studies  as  there  are  have  usually  been  based  on  mathe- 
matical models  which  assume  uniformity  of  the  various 
factors  contributing  to  circuit  noise  over  the  entire 
length  of  the  cable  selected  (i.e.,  uniform  capaci- 
tance unbalance  to  ground,  resistance  unbalance,  and 
power  exposure). 

These  factors  are  all  variables  under  field  conditions 
with  capacitance  and  resistance  unbalances  varying 
from  pair  to  pair  within  the  same  cable  length  as  well 
as  in  the  same  pair  from  reel  to  reel.  Measurement  of 
circuit  noise  in  the  laboratory  and  field  confirm  that 
the  circuit  noise  magnitude  at  the  subscriber  location 
is  dependent  on  the  location  and  magnitude  of  cable 
unbalances  and  the  location  and  magnitude  of  the  power 
exposure  in  relation  to  the  subscriber  and  central 
office  location. 

INTRODUCTION 

Economic,  energy,  and  environmental  considerations 
have  created  problems  not  only  for  the  telephone 
industry  but  for  the  power  industry  as  well.  Maximum 
utilization  of  available  power  sources  is  essential  to 
meet  increasing  demands  while  at  the  same  time  staying 
within  economic  and  environmental  restrictions.  The 
overall  effect  of  accomplishing  these  complex  and 
often  conflicting  goals  can  be  an  increasingly  hostile 
environment  for  the  operation  of  voice  frequency  tele- 
phone circuits  in  multipair  cable. 

In  many  areas  of  the  country,  the  magnitude  of  power 
influence  (noise-to-ground)  is  increasing.  This  makes 
it  more  difficult  to  maintain  quiet  voice  frequency 
circuits.  It  is  sometimes  difficult,  if  not  impossi- 
ble, for  a power  company  to  effectively  reduce  the 
magnitude  of  power  influence  to  an  acceptable  level. 

For  example,  let's  consider  an  overhead  three-phase 
power  line  from  which  a single-phase  tap  must  be  ex- 
tended. Many  government  jurisdictions  today  require 
that  all  new  utility  wire  extensions  be  placed  under- 
ground. When  the  single-phase  extension  is  buried,  it 
will  effectively  appear  like  a capacitor  across  that 
phase  of  the  three-phase  system  at  the  point  of  con- 
nection, and  it  can  magnify  undesirable  harmonics 
which  may  be  induced  in  an  adjoining  telephone  system. 
There  will  usually  be  an  increase  in  power  influence 
in  the  area  of  the  three-phase  line.  Due  to  the  close 
relationship  of  the  buried  conductors  to  ground,  there 
is  no  practical  treatment  available  which  may  be  ap- 
plied to  the  buried  tap  to  offset  this  effect. 


Heretofore,  communications  circuits  with  a balance  of 
60  dB  (decibels)  and  greater  would  usually  provide 
quiet  subscriber  service  meeting  telephone  indistry 
objectives  of  20  dBrnc  (decibels  reference  noise  - 
C-message  weighted),  26  dBrnc  for  long  rural  circuits. 
This  was  partially  due  to  the  fact  that  the  magnitude 
of  the  majority  of  power  influence  levels  were  in  the 
70  to  80  JBrnc  range. 

With  the  rise  in  power  influence  levels  in  some  areas 
today,  values  of  power  influence  in  the  range  of  90 
dBrnc  and  above  are  not  uncommon.  Tims,  to  meet  noise 
objectives  in  such  areas,  an  operating  telephone  cir- 
cuit must  have  a balance  of  70  dB  or  greater.  A brief 
discussion  of  circuit  balance,  as  derived  from  noise 
measurements,  is  included  in  Appendix  A. 

INDUCTIVE  INTERFERENCE 

Principles  of  the  induction  of  longitudinal  voltages 
on  communication  conductors  from  paralleling  power 
lines  have  long  been  established  and  understood,  so 
they  will  not  be  further  discussed  in  this  paper.  The 
overall  manner  of  the  conversion  of  these  longitudinal 
voltages  to  circuit  voltages  (noise  metallic)  due  to 
unbalances,  is  also  generally  understood. 

Circuit  noise  due  to  series  (resistance)  unbalance  is 
a function  of  the  longitudinal  current  flowing  in  the 
two  conductors  of  the  cable  pair.  If  the  cable  pair 
is  open  circuited  at  both  ends  with  no  connection  to 
ground,  there  can  be  only  a slight  conversion  from 
longitudinal  to  circuit  noise  due  to  series  unbalances. 
Conversely,  circuit  noise  resulting  from  shunt  (capa- 
citance) unbalance  is  a function  of  the  longitudinal 
voltage  on  the  two  conductors  of  the  circuit. 

Subscriber  Loops 

Subscriber  loops  have  a high  longitudinal  impedance  to 
ground  at  the  subscriber  location  and  a low  longitu- 
dinal impedance  to  ground  at  the  central  office. 

Highest  impedance  to  ground  at  the  subscriber  location 
will  occur  where  bridged  ringing  is  used.  Where 
ringing  is  divided,  the  impedance  to  ground  will  be 
lower  but  will  still  be  significantly  higher  than  that 
at  the  office  location. 

Distribution  of  voltage  to  ground  along  a subscriber 
loop  ranges  from  a minimum  value  at  the  central  office 
to  a maximum  value  at  the  subscriber  location.  Thus, 
a shunt  unbalance  in  the  cable  nearest  the  subscriber 
location  will  result  in  higher  longitudinal  to  circuit 
noise  conversion  than  will  occur  when  cable  with  the 
same  shunt  unbalance  value  is  located  near  the  central 
office.  Magnitude  pf  voltage  to  ground  at  the  office 
location  is  the  voltage  drop  across  the  relay  winding. 

Subscriber  loop  longitudinal  noise  current  is  inverse 
to  noise  voltage  to  ground;  minimum  at  the  subscriber 
location  and  maximum  at  the  central  office.  Series 
unbalance  in  cable  located  near  the  office  will  produce 
higher  longitudinal  to  circuit  noise  conversion  than 
will  occur  with  the  same  unbalance  value  in  cable  near 
the  subscriber  location.  The  relationship  of  longitu- 
dinal voltage  and  current  distribution  along  subscriber 
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loops  Is  shown  in  Figure  1, 

This  discussion  will  not  include  a detailed  descrip- 
tion of  longitudinal  to  circuit  noise  conversions  in 
physical  trunk  circuits.  When  6uch  conversions  in 
subscriber  loops  are  understood  there  should  be  little 
problem  in  considering  trunk  circuits.  Generally 
trunk  circuits  have  a low  longitudinal  impedance  to 
ground  at  both  ends  and  thus  circuit  noise  resulting 
from  series  unbalance  in  cable  located  near  either  end 
of  the  trunk  route  will  be  highest.  Effects  of  shunt 
unbalances  will  be  greatest  in  cable  located  near  the 
center  of  the  trunk  route  where  voltage  to  ground  will 
be  highest. 

Circuit  Unbalances 

Studies  have  been  made  to  analyze  the  contribution  of 
resistance  and  capacitance  unbalances  to  circuit  noise 
in  multipair  communications  cables.  Unfortunately 
many  of  these  studies  were  completed  for  internal  use 
within  the  company  or  system  for  which  they  were  pre- 
pared and  therefore  are  not  available  for  general  in- 
formation. As  a result,  there  has  been  little  recent 
information  published  on  this  important  subject.  Hie 
most  notable  recent  work  has  been  the  Bell  Labora- 
tories; "Inductive  Interference  Engineering  Guide. "1 

These  studies  have  usually  been  based  on  mathematical 
models  and  assume  uniformity  of  various  factors  over 
the  entire  length  of  the  cable  studies,  i.e.,  uniform 
capacitance  unbalance  to  ground,  uniform  resistance 
unbalance,  uniform  power  exposure.  Such  ideal  condi- 
tions do  not  exist  with  cable  in  the  field. 

Other  studies  have  divided  the  cable  in  segments  of 
perhaps  ten  kilofeet  and  analyzed  the  effects  of 
average  unbalance  in  shorter  segment  models.  While 
this  does  provide  additional  information,  there  is 
some  question  whether  true  field  conditions  are  being 
simulated.  For  example,  three  such  segments  would  be 
used  for  a thirty  kilo foot  subscriber  loop.  Assuming 
one  ten  kilo foot  length  with  high  shunt  unbalance, 
there  would  be  three  magnitudes  of  longitudinal  to 
circuit  noise  conversion  depending  on  its  location  in 
relation  to  the  subscriber.  It  is  still  difficult  to 
develop  realistic  limits  for  cable  specifications 
which  minimize  noise  problems. 

Subscriber  loops  are  usually  made  up  of  more  than  one 
cable  size  between  the  central  office  and  subscriber 
location.  Long  rural  loops  may  be  made  up  of  several 
sizes.  Where  long  lengths  of  the  same  size  cable  are 
required,  there  may  be  several  reels  involved.  This 
results  in  varying  values  of  unbalance,  series  and 
shunt,  throughout  the  length  of  a subscriber  loop. 
Larger  pair  count  cables  are  usually  provided  in 
shorter  reel  lengths  than  small  pair  count  cables. 

Splicing  two  reels  together  will  often  mate  offsetting 
unbalances  and  effectively  reduce  overall  circuit 
noise.  This  occurs  most  frequently  near  office  loca- 
tions where  there  are  more  frequent  splices  due  to  the 
shorter  reel  lengths. 

Splicing  can  also  match  two  unbalances  which  add 
rather  than  offset,  thus  increasing  noise  levels.  A 
short  reel  may  contain  pairs  with  severe  unbalance  but 
due  to  the  length  will  not  contribute  significantly  to 
noise  levels  in  the  overall  finished  circuit. 

Smaller  pair  count  cables  are  normally  provided  with 
long  lengths  on  a single  reel.  Along  rural  subscriber 
loops  a long  run  of  a single  size  small  pair  count 
cable  is  quite  likely.  The  location  of  such  long 
lengths  of  small  pair  count  cable  is  always  near  the 
subscriber  location.  Capacitance  unbalance  to  ground 


in  these  cables  can  result  in  severe  noise  problems 
even  when  the  magnitude  of  unbalance  is  below  the  maxi- 
mum averages  usually  published  in  existing  specifica- 
tions . 

FIELD  EXPERIENCE 

During  a noise  investigation  it  was  determined  that 
individual  cable  unbalances  were  within  the  specifica- 
tion limits  and  power  influence  was  not  excessive. 

The  only  solution  was  to  analyze  the  noisy  pairs  indi- 
vidually and  do  any  work  necessary  to  improve  the 
overall  balance. 

Hie  first  circuit  was  24-gauge,  58,233  feet  long  with 
12  load  points.  Power  influence  was  80  dBrnc  and 
circuit  noise  27  dBrnc  for  a balance  of  53  dB.  A 
resistance  unbalance  of  approximately  12  ohms  was 
found  between  load  points  2 and  4.  The  tip  and  ring 
conductors  were  reversed  at  load  point  3.  Power  in- 
fluence at  the  subscriber  location  was  still  80  dBrnc 
and  circuit  noise  was  now  17  dBrnc  for  a balance  of 
63  dB. 

A second  circuit  18,561  feet  long  was  next  investigated, 
power  influence  at  the  subscriber  location  was  82  dBrnc 
and  circuit  noise  21  dBrnc  for  a balance  of  6l  dB.  The 
9000  feet  of  12-24  cable  adjacent  to  the  subscriber  lo- 
cation had  a capacitance  to  ground  unbalance  of 
175pF/kf,  below  the  200pF/kf  maximum  average  currently 
specified  by  REA.  After  reversal  of  the  tip  and  ring 
conductors  at  the  midpoint  of  the  unbalance  power  in- 
fluence was  81  dBrnc  and  circuit  noise  was  10  dBrnc 
for  a balance  of  71  dB. 

A 29,227  foot  circuit  was  also  investigated.  Power 
influence  at  the  subscriber  location  was  79  dBrnc  and 
circuit  noise  28  dBrnc  for  a balance  of  51  dB.  Here 
was  6,669  feet  of  cable  adjacent  to  the  subscriber 
location  with  a capacitance  unbalance  to  ground  of 
600pf/kf.  The  tip  and  ring  conductors  were  reversed 
at  a point  4,500  feet  from  the  subscriber  location. 

Power  influence  was  now  79  dBrnc  and  circuit  noise 
12  dBrnc  for  a balance  of  67  dB. 

A circuit  51,285  feet  in  length  was  found  vith  a power 
influence  of  80  dBrnc  and  a circuit  noise  of  26  dBrnc 
for  a balance  of  54  dB.  Unbalances  ranged  from 
800pF/kf  between  load  points  5 and  6 to  65pf/kf  between 
load  points  7 and  9.  Three  tip  and  ring  reversals  were 
made  between  the  fourth  load  point  and  the  ninth  load 
point.  After  completion  of  the  reversals,  the  power 
influence  was  80  dBrnc  at  the  subscriber  location  and 
circuit  noise  l4  dBrnc  for  a balance  of  66  dB.  A re- 
duction in  circuit  noise  of  7 dB  was  achieved  with  the 
reversal  of  the  tip  and  ring  conductors  at  load  point 
8 in  the  cable  with  only  65pF/kf  unbalance. 

Analysis  of  the  improvements  in  noise  performance  ac- 
complished by  tip  and  ring  reversals  to  offset  unbal- 
ances in  adjacent  cable  sections  indicated  best  results 
were  obtained  with  capacitance  unbalance  when  it  was 
located  near  the  subscriber  location.  This  was 
especially  notable  with  the  51,285  foot  circuit  when  it 
was  determined  the  greatest  reduction  in  circuit  noise 
was  obtained  in  the  cable  with  the  lowest  capacitance 
unbalance  to  ground. 

LABORATORY  INVESTIGATION 

A laboratory  study  was  undertaken  to  investigate 
further  the  effects  of  unbalance  location  on  circuit 
noise.  An  artificial  line  69  kilofeet  in  length  of 
24  H-88  cable  was  used.  Hie  artificial  line  lias  of 
three  port  design  with  capacitance  to  ground  and  was 
composed  of  one  12  kilofoot  section  at  the  office  end 
followed  by  three  18  kilofoot  sections  with  3 kilofeet 
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of  non-loaded  cable  at  the  subscriber  end.  Noise  was 
placed  longitudinally  on  the  line  through  the  ports 
consisting  of  balanced  three  winding  transformers. 

One  transformer  was  used  in  each  of  the  18  kilofeet 
sections. 

Capacitance  unbalance  to  ground  was  then  placed  on 
this  line  with  a capacitor  decade  and  the  resulting 
circuit  noise  measured  at  the  subscriber  end  of  the 
line.  Unbalances  were  located  at  the  office  end,  12 
kilofeet,  30  kilofeet,  48  kilofeet  and  at  the  sub- 
scriber end.  The  line  before  introducing  unbalances, 
had  80  dBrnc  of  power  influence  and  18.5  dBrnc  of  cir- 
cuit noise  for  a balance  of  61.5  dB.  Capacitance 
unbalance  to  ground  simulating  6000  feet  of  cable 
with  150pF  and  80OpF/kilofeet.  were  used.  Results  of 
these  tests  are  shown  in  Table  1. 

6000  Feet  of  Cable  Unbalance 


Circuit 

Noise 

Measured  @ 

Subscriber  Location 

150pF/kiloft. 

C.O. 

12k  f 

30kf 

48k  f 

Subscriber 

PI 

80 

80 

80 

80 

80 

CN 

18.5 

18.7 

20 

21 

2h 

Bal. 

, 50 

50 

5o 

59 

55 

800pF/kiloft. 

PI 

80 

80 

80 

80 

so 

CN 

18-9 

22 

24.5 

28 

34 

Bal. 

. 6l.l 

58 

55.5 

52 

46 

tabu;  i 


A second  set  of  unbalances  were  used  simulating  12 
kilofeet  of  cable  with  150pF  and  800pF/kilofoot.  It 
is  acknowledged  that  continuous  reel  lengths  of  12 
kilofeet  are  most  likely  to  occur  in  small  pair  count 
cables  located  near  the  subscriber.  Closer  to  the 
office  cables  will  be  in  larger  pair  count  sizes  and 
thus  are  supplied  in  shorter  lengths  per  reel. 

Results  ol  these  tests  are  shown  in  Table  2. 

12000  Feet  of  Cable  Unbalance 
Circuit  Noise  Measured  % Subscriber  Location 


150pF/klloft. 


C.O. 

I2kf 

30kf 

48kf 

Subscriber 

PI 

80 

80 

80 

80 

80 

CN 

18,5 

19.5  21 

21 

27.5 

Bal. 

61.5 

60.5 

59 

57 

52.5 

800pF/kiloft. 

PI 

80 

80 

80 

80 

80 

CN 

±2i5 

26 

28.5 

32.5 

32 

Bal. 

60.5 

54 

51.5 

47.5 

41 

TABLE  2 


FIELD  INVESTIGATION 

Since  it  could  not  be  determined  that  the  method  used 
for  imposing  longitudinal  noise  on  the  artificial 
lines  was  having  the  same  effect  as  the  Induced  noise 
on  cable  pairs  in  the  field,  it  was  decided  to  con- 
tinue the  investigation  in  the  field.  Individual 
parameters  of  each  loading  section  were  measured  in 
addition  to  noise  measurements  at  the  subscriber  loca- 
tion. 

Abbotsburg,  North  Carolina 

The  first  cable  studied  was  in  Abbotsburg,  North 
Carolina.  It  was  approximately  51  kilofeet  in  length 
(Figure  2)  and  unbalances  were  introduced  at  approxi- 
mately 7,  16,  25,  34,  and  43  kilofeet.  The  cable  was 
24  d-66  and  composed  of  900,  600,  400,  300,  150,  100, 
50  and  18  pair  sizes.  Pairs  2 and  3 were  used  for  the 
tests  and  the  results  are  shown  in  Table  3.  Values  of 
150pF  and  800pF/kilofeet  for  4500  and  9000  foot 
lengths  of  cable  were  used.  Before  testing  power  in- 
fluence was  73  dBrnc  and  circuit  noise  -1  dBrnc  on 
pair  2 and  4.5  dBrnc  on  pair  3 for  balance  of  74  and 
68.5  dB  respectively. 

Abbotsburg,  North  Carolina 
4500  Feet  of  Simulated  Cable  Unbalance 
Circuit  Noise  Measured  @ Subscriber  Location 


Pair 

150pF/kiloft. 

Unbal . @ 

7kf 

l6kf 

25kf 

34k  f 

43kf 

pi 

73 

73 

73 

73 

73 

CN 

-5 

4 

3 

6 

8 

Bal. 

78 

69 

70 

67 

65 

Pair 

3 

150pF/kiloft. 

PI 

73 

73 

73 

73 

73 

CN 

4 

-2 

_3 

6 

8 

Bal. 

69 

75 

70 

67 

65 

Pair 

2 

SOOpF/kiloft. 

PI 

73 

73 

73 

73 

73 

CN 

-5 

3 

12 

16 

i2 

Bal. 

78 

70 

61 

57 

54 

Pair 

3 

800pF/kiloft. 

PI 

73 

73 

73 

73 

73 

CN 

4 

4 

.1 

14 

17 

Bal. 

69 

69 

68 

59 

56 

TABLE  3 

The  same  measurements  were  then  repeated  introducing 
unbalances  to  simulate  12  kilofeet  of  cable  with 
150pF  and  800pF/kilofoot  unbalance.  Results  of  these 
tests  are  shown  in  Table  4. 


Recorded  results  of  these  tests  further  indicate  that 
the  greatest  conversion  from  longitudinal  to  circuit 
noise  due  to  capacitance  unbalance  occurs  when  the  un- 
balance is  located  near  the  subscriber.  The  cable 
size  and  distance  between  the  subscriber  and  central 
office  do  not  appear  to  have  a bearing  on  this. 

In  rural  companies  it  often  occurs  on  the  longer  cable 
routes  in  smaller  pair  count  cables.  Where  the  area 
is  more  urban  it  can  also  occur  in  larger  pair  count 
cables  along  shorter  cable  routes.  The  magnitude  of 
power  influence,  of  course,  usually  determines  whether 
or  not  the  unbalance  will  be  detected  due  to  a noise 
problem. 


Study  of  these  test  results  show  patterns  similar  to 
those  originally  found  during  noise  investigations  in 
the  field  and  laboratory  investigations.  The  unusual 
drop  in  circuit  noise  found  on  Pair  3 when  faults  were 
introduced  at  the  16  kilofoot  point  was  due  to  a high 
capacitance  unbalance  on  the  other  conductor  immedi- 
ately adjacent  to  that  location.  This  was  being 
balanced  out  by  the  unbalance  being  added  during  the 
tests. 
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Abbottsburg,  Worth  Carolina 
9000  Feet  of  Simulated  Cable  Unbalance 
Circuit  Nclse  Measured  8 Subscriber  Location 
Pair  2 

150pF/klloft. 


Unb&l.  8 

7kf 

l6kf 

25k  f 

34k  f 

43kf 

PI 

73 

73 

73 

73 

73 

CN 

-5 

_3 

_6 

10 

12 

Bal . 

78 

70  67 

Pair  3 

450pF/klloft. 

63 

61 

PI 

73 

73 

73 

73 

73 

CN 

_4 

-1 

_1 

_7 

U 

Bal. 

69 

74  72 

Pair  2 

800pF/klloft. 

67 

62 

PI 

73 

73 

73 

73 

73 

CN 

-1 

_7 

17 

21 

24 

Bal. 

74 

66  56 

Pair  3 

800pF/kiloft. 

52 

49 

PI 

73 

73 

73 

73 

73 

CN 

5 

_2 

13 

20 

23 

Bal. 

68 

64 

60 

53 

50 

TAELE  4 


Olivia,  Worth  Carolina 

The  next  tests  were  made  at  Olivia,  North  Carolina  on 
a 41,250  foot  22  D-66  cable.  The  circuit  was  made  up 
of  approximately  20,250  feet  of  200  pair,  13,500  feet 
of  150  pair  and  7,500  feet  of  18  pair  cable  (Figure 
3).  Faults  were  introduced  at  points  approximately  7, 
16,  25,  and  33  kilofeet  and  at  the  subscriber  location. 
Values  simulating  150pF/  and  800pF/kilofoot  for  4500 
and  9000  lengths  of  cable  were  used.  Recorded  results 
of  these  tests  are  shown  in  Table  5.  Rower  influence 
before  the  tests  was  90  dBrnc  and  circuit  noise  3 
dBrnc  for  a balance  of  82  dB. 

Olivia,  North  Carolina 
4500  Feet  of  Simulated  Cable  'lnbalar.ee 
Circuit  Noise  Measured  8 Subscribers  Location 


i50pF/kiloft. 

Unb&l.  8 

7kf 

l6kf 

25kf 

33fcf 

Subscriber 

PI 

90 

90 

90 

90 

9C 

CN 

Bal. 

sf 

8 

55 

81 

16 

74 

m 

SOOpF/kiloft. 

PI 

90 

90 

90 

90 

90 

CN 

6 

11 

18 

11 

Bal. 

81 

81 

73 

65 

52 

9,000  Ft.  of  Simulated 

Cable  Unbalance 

150pF/klloft. 


pi 

90 

90 

90 

90 

90 

CN 

_6 

U 

18 

Ik 

Bal. 

85 

84  79 

800pF/kiloft. 

72 

59 

PI 

90 

90 

90 

90 

90 

CN 

18 

18 

24 

19 

44 

Bal. 

72 

72 

66 

60 

46 

TABLE  5 


Again  the  data  shows  the  high  circuit  noise  which  oc- 
curs when  the  capacitance  unbalance  is  located  near  the 
subscriber.  The  effects  diminish  rapidly  as  the  un- 
balance is  located  at  greater  distances  from  the  sub- 
scriber location.  This  example  is  more  striking  due  to 
the  high  value  of  power  influence.  To  meet  noise  ob- 
jectives of  20  dBrnc  a cable  balance  of  70  dB  is 
necessary. 

Manlto,  Illinois 

The  last  work  in  the  field  was  two  series  of  tests  on 
the  same  cable  pair  in  Manito,  Illinois,  The  first 
series  was  with  the  pair  approximately  24,000  feet  in 
length.  The  cable  had  approximately  3.8  kilofeet  of 
400-22,  15.8  kilofeet  of  300-22  with  the  balance 
101-22  (Figure  4)  and  was  H-88  loaded.  Unbalances 
were  Introduced  at  the  office,  12  kilofeet  and  the  end 
of  the  cable  where  all  measurements  were  made.  Since 
actual  power  influence  from  power  lines  in  this  area 
was  below  65  dBrnc  a noise  generator  was  placed  in  the 
center  tap  of  the  terminating  box  at  the  central  office 
and  the  output  adjusted  to  provide  81  dBrnc  power  in- 
fluence so  measurements  could  be  completed.  Before 
starting  tests  the  power  influence  was  81  dBrnc  and 
circuit  noise  18.5  dBrnc  for  a balance  of  62.5  dB. 
Results  of  these  tests  are  shown  in  Table  6. 

Manito,  Illinois 

6000  Feet  of  Simulated  Cable  Unbalance 
Circuit  Noise  Measured  ® Subscriber  Location 


166. 7pf/kl loft. 


Unbal.  8 

C.O. 

12kf  Subscriber 

PI 

81.0 

81.0 

81.0 

CN 

22.5 

27-5 

22:2 

Bal. 

58.5 

53-5 

52.0 

833.3pF/kiloft. 

PI 

81.0 

81.0 

81.0 

CN 

32i° 

4270 

4l.O 

4o7o 

TABLE  6 

The  same  characteristic  Increase  in  circuit  noise  is 
obvious  as  the  unbalance  is  located  closer  to  the 
subscriber  location.  The  increase  with  an  unbalance 
at  the  office  seems  high.  However,  this  is  likely  to 
occur  should  the  source  of  the  power  influence  be  lo- 
cated near  the  office. 

The  second  in  this  series  of  tests  utilized  the  same 
cable  pair.  Approximately  10,000  feet  of  100-22  cable 
'Figure  5)  was  added  to  the  subscriber  end.  Unbalances 
were  added  at  12  kilofeet,  24  kilofeet  and  the  sub- 
scriber location.  Results  of  these  tests  are  shown 
in  Table  7.  Power  influence  before  tests  was  80  dBrnc 
and  circuit  noise  13  dBrnc  for  a balance  of  67  dB. 

The  same  patterns  appear  but  here  the  resulting 
changes  are  smaller  than  in  the  first  series  of  tests. 
This  seems  to  indicate  again  that  the  results  are 
valid  for  a situation  where  the  power  influence  source 
is  close  to  the  office.  The  location  and  length  of 
the  power  influence  has  a strong  bearing  on  the  magni- 
tude of  circuit  noise  when  an  unbalance  is  located 
near  the  middle  of  the  cable. 


ill 


Manlto,  Illinois 

6000  Feet  of  simulated  Cable  Unbalance 
Circuit  Noise  Measured  at  Subscriber  Location 

l66.7pF/klleft. 


Unbal.  @ 

12kf 

24k  f 

Subscriber 

PI 

80.0 

80.0 

80.0 

CN 

20.5 

21.5 

iL2 

Bal. 

59.5 

5S.5 

56.5 

PI 

80.0 

833. 3pF/kiloft. 
80.0 

00.0 

CN 

30.8 

2^ 

36,7 

Bal. 

49.2 

45.5 

43.3 

TABLE  7 


The  effects  of  resistance  unbalance  were  explored  at 
the  two  locations  in  North  Carolina,  but  the  results 
were  shaded  by  the  location  of  the  power  influence 
source.  Basic  influence  was  from  the  jko  Hz  harmonic 
and  at  both  sites  was  located  near  the  subscriber  end 
of  the  cable.  At  the  Abbotsburg  test  site  the  power 
line  analysis  found  significant  influence  only  in  the 
last  2000  feet  of  cable  at  the  subscriber  end.  At 
Olivia  it  was  only  in  the  last  8000  feet  of  cable. 

This  resulted  in  a stable  current  along  the  cable  to 
the  office  rather  than  an  increasing  current  as  is 
normally  expected. 

Thus  the  effects  of  resistance  unbalance  tests  are 
not  conclusive.  The  results  of  tests  with  resistance 
unbalances  in  the  same  cable  as  in  Table  5 are  shown 
in  Table  8.  Power  influence  before  tests  was  90  dBrnc 
and  circuit  noise  8 dBrnc  for  a balance  of  82  dB. 


Olivia,  North  Carolina 


Circuit 

Noise 

Measured  @ Subscribers  Location 

1 Ohm 

Unbal. 

7kf 

16k  f 

25kf 

33kf 

Subscriber 

PI 

90 

90 

90 

90 

90 

CN 

10 

n 

12 

12 

_8 

Bal. 

80 

79 

77 

77 

82 

8 Ohm 

Unbal. 

PI 

90 

90 

90 

90 

90 

CN 

1Z 

IZ 

18 

18 

_8 

Bal. 

73 

73 

72 

72 

82 

TABLE  8 


NEW  METHOD  OF  MEASURING  UNBALANCES 

The  conventional  method  of  measuring  cable  unbalances 
requires  several  pieces  of  test  equipment. 

Resistance  unbalance  is  measured  with  a Wheatstone 
Bridge.  This  entails  a varley  measurement  which  with 
some  equipment  can  be  read  only  to  the  nearest  ohm. 
More  accuracy  can  be  obtained  by  measuring  the  resist- 
ance of  each  conductor  separately  using  the  cable 
shield  as  a return  path.  Then  the  capacitance  unbal- 
ance bridge  is  measured  with  a capacitance  unbalance 
bridge. 

In  addition  to  the  bridge,  an  oscillator  and  null  de- 
tector are  required.  Many  companies  do  not  have  the 
manpower  capability  or  equipment  to  perform  these 
measurements . 


IEEE  has  published  a Standard,  P455-1975,  describing 
a method  for  measurement  of  longitudinal  balance.  A 
test  set  designed  to  utilize  this  method  provides  the 
magnitude  of  series  and  shunt  balance  (conversion  from 
longitudinal  signal  to  metallic  signal)  of  various 
component  parts  of  the  telephone  system. 

Since  the  major  component  of  series  unbalance  in  a 
length  of  telephone  cable  is  resistance  and  that  of 
shunt  unbalance  is  capacitance,  the  possibility  of 
using  this  test  for  determining  cable  balance  was  con- 
sidered. 

The  design  of  the  set  is  based  on  the  formula: 

Balance  in  dB  = Xq  + X2  + 

Xq  - X2 

Where  for  testing  cable; 

Xq  = Longitudinal  impedance  of  tip  conductor 

Xg  = Longitudinal  impedance  of  ring  conductor 

R = internal  test  set  impedance 

For  series  balance,  Xq  and  X2  are  the  conductor  re- 
sistances. For  shunt  balances  they  are  the  capaci- 
tance reactance  of  each  conductor  to  ground.  Computa- 
tions were  made  for  various  resistance  and  capacitance 
unbalances  which  were  plotted  on  graphs.  Two  of  these 
are  included  as  Graph  1 and  2 for  series  and  shunt 
unbalances,  respectively  for  4500  and  6000  foot  sec- 
tions of  cable. 

During  these  noise  investigations  both  conventional 
and  longitudinal  measurements  were  made  on  loading 
section  lengths  of  cable.  Precise  values  of  capaci- 
tance and  resistance  unbalance  could  be  obtained  from 
the  charts  based  on  series  and  shunt  longitudinal 
balance  measurements. 

There  are  some  definite  advantages  when  using  the 
longitudinal  balance  method.  Only  one  test  set  is 
required  with  one  connection  to  tip,  ring  and  shield 
at  the  measuring  end.  The  conventional  method  re- 
quires two  test  sets  with  more  complex  test  setups  and 
each  must  be  connected  independently  at  the  measuring 
end. 

At  the  far  end  the  same  procedure  is  required  for  both 
methods,  tip  and  ring  shorted  and  connected  to  the 
cable  shield  for  series  (resistance  unbalance)  and 
open  circuited  for  shunt  (capacitance  unbalance)  mea- 
surements. 

CONCLUSION 

This  paper  has  presented  data  showing  the  relationship 
between  cable  unbalances  (series  and  shunt)  and  power 
induced  circuit  noise  under  field  operating  conditions. 
The  data  affirms  that  all  elements  contributing  to 
circuit  noise  are  variable  and  thus,  attempts  to  com- 
pute such  effects  generally  fall  short  of  actual  per- 
formance. Location,  length  and  magnitude  of  both  power 
influence  and  communications  cable  unbalances  vary  from 
route  to  route. 

Pair  size  of  the  cable  does  not  appear  to  have  a 
bearing  on  circuit  noise.  When  exposed  to  power  in- 
fluence, unbalanced  pairs  will  heve  circuit  noise 
whethe-  in  large  or  small  pair  count  cable.  Due  to 
manufacturing  problems  the  specification  requirements 
for  capacitance  unbalance  are  not  as  restrictive  for 
cables  smaller  than  12-pair. 
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In  a rural  environment,  capacitance  unbalance  in  small 
pair  count  cable  installed  near  the  subscriber  loca- 
tion will  most  often  be  a major  factor  to  circuit 
noise.  Capacitance  unbalance  in  large  pair  count 
cables  will  be  a major  factor  to  noise  when  located 
near  the  subscriber  in  urban  areas. 

Capacitance  unbalances  below  the  maximum  average 
values  shown  in  existing  cable  specifications  will 
produce  unacceptable  circuit  noise  in  the  presence  of 
medium  power  influence  when  the  unbalanced  cable  is 
close  to  the  subscriber  location.  When  the  sole 
source  of  power  influence  Is  short  and  located  near 
the  subscriber,  circuit  noise  will  drop  rapidly  as  the 
location  of  a single  cable  capacitance  unbalance  is 
moved  from  the  subscriber  end  toward  the  office. 

This  drop  in  circuit  noise  will  not  occur  as  rapidly 
if  the  power  influence  is  distributed  along  the  total 
length  or  near  the  middle  of  the  cable  route.  When 
the  capacitance  unbalance  is  moved  toward  the  office 
the  drop  in  circuit  noise  will  be  much  smellier  when 
the  sole  source  of  power  Influence  is  located  near 
the  office. 

The  REA  Specification  For  Filled  Telephone  Cables, 
PE-39,  contains  the  following  requirements  for  pair- 
to-ground  capaciteince  unbalance  eind  conductor  re- 
sistance unbalance: 

"The  pair-to-ground  capacitance  unbalance  as  measured 
on  the  completed  cable  shall  not  exceed  the  following 
values  when  tested  at  a frequency  of  1000  + 100  Hz  and 
a temperature  of  23°  » 3°C:" 


Humber  of 

Capacitance  Unbalance  to  Ground 

Cable  Pairs 

pF/kf  (pF/km) 
Indiv.  Max. 

pF/kf  (pF/km) 
Max.  Average 

6 

12  or  more 

600  (2625) 
BOO  (2625) 

200  (656) 

"The  difference  in  dc  resistance  between  the  two 
conductors  of  a pair  in  the  completed  cable  shall  not 
exceed  the  following:" 

Resistance  Unbalance  - Maximum 

for  any  Reel 

Gauge 

Average 

Individual  Pair 

19  & 22 

24 

26 

1.5$ 
1.5  $ 
2.0$ 

4.0$ 

5.0$ 

5.0$ 

Where:  $ Res.  total.  , f.yax-  * 100 


Cables  having  capacitance  and  resistance  unbalance 
values  near  specified  maximum  averages  will  result  in 
'unacceptable  balance  in  subscriber  loop  plant.  In 
many  areas  the  magnitude  of  power  influence  is  at  the 
point  where  it  is  difficult  to  maintain  quiet  voice 
frequency  circuits. 

There  is  no  indication  that  Improvement  will  occur  in 
the  future.  We  believe  that  existing  cable  specifi- 
cations are  not  tight  enough  to  provide  the  quiet 
circuits  the  telephone  user  has  a right  to  expect,  re- 
gardless of  his  location. 

F.ver.  though  it  may  be  impractical  to  reduce  average 
unbalance  requirements  immediately  effort  should  be 
directed  toward  improving  the  state  of  the  art  in 
cable  production.  Results  from  this  investigation 
indicate  there  is  a need  for  communication  cable  with 
better  balance. 


Testing  of  individual  cable  circuits  one  by  one  to 
isolate  areas  of  unbalance  in  noise  problems  can  be 
time  consuming  and  expensive.  Many  small  companies  do 
not  have  the  manpower  capability  or  equipment  to  under- 
take such  a project. 

Data  presented  herein  is  an  introduction  to  a long 
range  investigation  with  the  ultimate  goal  of  realistic 
umbalar.ee  objectives  for  cable  specifications.  More 
locations  should  be  studies  for  effects  of  both  series 
and  shunt  unbalances. 
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APPENDIX  A 

Circuit  Balance 

Circuit  balance  is  a measure  of  the  susceptibility  of 
a telephone  circuit.  Susceptibility  may  be  expressed 
as  the  relationship  between  the  longitudinal  noise 
(common  mode)  and  the  metallic  noise  that  will  result 
from  a given  longitudinal  influence. 

A common  method  of  determining  the  balance  of  various 
components  and  devices  is  by  application  of  a balanced 
longitudinal  voltage  to  the  terminals  of  the  component 
or  device  being  tested.  Resulting  metallic  voltages 
are  then  measured  and  the  balance  determined  as 
follows : 

Component  Bal.  « 20  log  VL 
Vm 

Where;  = Longitudinal  Voltage 
Vm  a Metallic  Voltage 

Determination  of  overall  circuit  balance  is  similar  to 
the  method  for  individual  components  but . some  new 
factors  must  be  considered.  Location,  length  and  mag- 
nitude of  inductive  exposure  along  the  length  of  the 
circuit;  location,  length,  magnitude  and  polarity  of 
various  unbalances  (series  and  shunt);  dc  voltage 
levels;  and  the  frequencies  of  induced  voltage  all 
contribute  to  the  overall  circuit  balance. 

Longitudinal  voltage  induced  on  the  tip  and  ring  con- 
ductors of  a telephone  circuit  is  balanced  and  may  be 
utilized  for  test  purposes  like  the  balanced  longitu- 
dinal voltage  applied  in  the  longitudinal  balance  test 
circuit.  Unbalances  in  the  circuit  will  result  in 
some  of  this  induced  longitudinal  voltage  being  con- 
verted to  metallic  voltage.  Magnitudes  of  these  two 
voltages  measured  as  noise  may  be  used  to  determine 
overall  circuit  balance.  Values  of  noise-to-ground 
(power  influence)  and  noise  metallic  (circuit  noise) 
are  obtained  from  measurements  at  the  subscriber  loca- 
tion. Overall  circuit  balance  may  now  be  determined 
as  follows: 

Circuit  Balance  (dB)  = Ng  - fta 

The  resulting  circuit  balance  is  a measure  of  the 
ability  of  the  circuit  to  prevent  longitudinal  to 
metallic  conversion  of  voltages  and  currents.  Levels 
and  frequency  of  inductive  interference  are  subject  to 
changes  depending  on  load  demand  along  the  power 


circuit.  In  general,  the  circuit  balance  is  indica- 
tive of  conditions  only  at  the  time  the  measurement 
was  made. 
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RODENT  BITING  PRESSURE  AND  CHEWING  ACTION  AND 
THEIR  EFFECTS  ON  WIRE  AND  CABLE  SHEATH 
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Abstract 

The  biting  force  of  the  Gray  Squirrel 
(Sciurus  carolinensis) , Plains  Pocket  Gopher 
(Geomys  bursarius)  and  Norway  Rat  ( Rattus 
norvegicus)  was  measured  and  their  biting 
pressures  calculated  from  the  contact  area  ot 
their  incisors.  Representative  biting  pres- 
sure of  the  squirrel  was  22,000  psi,  the 
gopher  18,000  psi,  and  the  rat  7,000  psi. 

It  was  found  that  the  rodent  gnawing 
action  consisted  of  very  rapid  bites  up  to 
six  per  second  with  an  average  of  1.5  bites 
per  second.  The  biting  activity  among  the 
three  species  of  rodents  differed  such  that 
in  a seven  day  cage  exposure  test  a specimen 
could  have  a total  of  90,000,  45,000  and 
18,000  bites  inflicted  by  the  gopher,  squirrel 
and  rat,  respectively. 

Two  modes  of  wire  and  cable  sheath  fail- 
ure resulting  from  rodent  gnawing  action  are 
proposed.  In  the  case  of  soft  materials  such 
as  flexible  vinyl  plastic,  polyethylene,  alu- 
minum, lead,  and  annealed  copper,  the  failure 
is  by  cutting  wear.  In  the  case  of  relatively 
hard  materials  such  as  steel  and  copper  alloy, 
ultimate  failure  is  by  deformation  wear.  A 
toughness  index  criteria,  related  to  material 
hardness,  breaking  strength,  and  strain,  is 
established  as  an  aid  in  selecting  rodent  re- 
sistant sheath  material. 

Introduction 


The  service  life  of  buried  and  aerial 
communication  or  power  distribution  wire  and 
cable  is  often  limited  by  gnawing  rodents, 
particularly  pocket  gophers,  squirrels  and 
sometimes  rats.  During  the  past  thirty  years 
numerous  studies  were  made  of  the  rodent  re- 
sistance of  a great  variety  of  plastic,  fer- 
rous, and  non-ferrous  wire  and  cable 
sheaths.  I,2-5>  The  studies  were  primarily  aimed 
at  determining  the  susceptibility  of  materials 
to  rodent  damage  and  the  relationship  of 
thickness,  size  and  shape.  These  studies 
greatly  assisted  the  selection  of  improved 
sheaths.  However,  none  of  the  past  studies 
focused  on  the  influence  of  rodent  biting 
pressure  and  gnawing  frequency  nor  failure 
mode.  A study  of  rodent  biting  pressure  and 
chewing  action  was  undertaken  in  the  belief 
that  it  would  contribute  to  the  understanding 
of  the  sheath  failure  mechanism  and  lead  to 
more  reliable  designs.  Furthermore,  we  be- 
lieved that  such  a study  would  lead  to  a more 
rapid  means  of  screening  candidate  sheath 
materials. 

A detailed  description  of  the  incisor 
cutting  surface  area  and  hardness,  biting 
force  instrumentation,  and  biting  force  and 


pressure  of  the  plains  pocket  gopher,  gray 
squirrel,  and  norway  rat  is  presented.  Evi- 
dence is  offered  and  it  is  argued  that  the 
failure  mode  of  thermoplastic  jacket,  alumi- 
num, lead  and  annealed  copper  sheath  is  via 
cutting  wear.  It  is  primarily  related  to  in- 
cisor/material hardness  and  frictional  force. 
The  failure  mode  of  copper  alloys,  tin  plated 
steel,  and  stainless  steel  is  via  deformation 
wear  and  is  primarily  related  to  sheath  tough- 
ness and  gnawing  frequency.  Mechanical  prop- 
erties of  shield/armor  necessary  to  the  sur- 
vival of  rodent  attack  are  relative  hardness 
and  toughness.  A critical  toughness  index 
number  is  proposed. 

Materials  and  Methods 


Incisor  Surface  Area  and  Hardness 

The  cutting  edge  of  the  rodent  incisor  is 
not  uniform  as  in  the  case  of  a knife  or  chis- 
el edge,  but  irregularly  serrated.  The  irreg- 
ularity is  apparent  in  the  gopher  incisors 
shown  in  Figure  1.  The  incisors  of  squirrels 
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and  rats  are  similar  in  size  and  irregularity. 
In  order  to  obtain  a realistic,  but  conserva- 
tive estimate  of  this  surface  area,  all  points 
of  the  incisors  were  considered  to  be  contact- 
ing a hard  surface  with  the  animal's  head  in 
the  normal  position.  Various  methods  of  meas- 
uring this  area  were  tried,  such  as  ink  prints 
similar  to  fingerprints;  however,  none,  with 
the  exception  of  the  one  described  below,  were 
acceptable . 

Biting  surface  area  prints  were  made  by 
pressing  the  upper  and  lower  gopher  incisors 
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i. 


into  a piece  of  .005"  thick  thermoplastic  film  Except  in  a few  instances,  the  biting 

taped  to  a standard  microscope  slide.  A simi-  surface  area  of  the  lower  incisors  of  all 
lar  procedure  was  used  with  rats  and  squir-  three  species  was  less  than  the  upper  incisors, 

rels.  Slides  were  then  projected  at  45X  and  The  greater  mobility  of  the  lower  jaw  result- 

the  outline  of  the  impression  traced  (Figure  2).  ing  from  its  flexible  muscular  attachment  to 

the  skull  probably  accounts  for  the  difference 
Calculation  of  the  surface  area  was  in  surface  area, 

determined  using  a planimeter  and  converting 

the  readings  to  square  inches.  incisor  hard-  Construction  of  Gnathodynameter 
ness  was  measured  with  a Shore  D Durometer 

while  the  incisor  lay  on  its  side  within  a The  Gnathodynameter  ( "biteometer")  con- 

tight  fitting  cavity  cut  into  a piece  of  hard  sists  of  a variable  resistance  force  trans- 
wood.5 The  estimated  biting  surface  areas  ducer,  bite-bar,  power  supply  and  associated 

and  hardness  for  each  species  are  listed  in  circuitry  which  converts  the  changing  resis- 

Table  1.  tance  to  a changing  voltage  than  drives  a 

strip  chart  recorder.  A schematic  is  shown  in 
Figure  3.  A description  of  the  components  is 
as  follows: 
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TIGUM  1 
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TABLE:  1 


Maximum  Biting  Surfac* 


• Are 
?«*  i es 

as  and  Incisor 
of  Rodents 

Hardness  of 

Three 

Species 

n 

Mean  Maximum 

Incisor  Surface  Area  (in^ 
Upper  Lower 

Shore  D 
) Hardness 

Plains  Pocket  Gopher 
(Geomys  Bursarius) 

15 

0.00015 

0.00005 

95 

Norway  Rat 
(Rattus  Norvegicus) 

1 8 

0.00041 

0.00013 

95 

Gray  Squirrel 
(Sciurus  Carol inens 1 s ) 

16 

0.00019 

0.0001 3 

95 

Gnathodynameter  and  Associated  Circuitry 

FIGURE  3 
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R^  =»  0.25  ohm  resistor  (1*  Tol.) 

R2  = 0-500  ohm  potentiometer 
B^  = 1.5  volt  dry  cell 

R,  » Variable  resistance  force  transducer 
CBLj_  and  CBL2  ■ Shielded  twisted  pair 

CH  » Strip  Chart  Recorder 

TH  =»  Transducer  Holder  (bite-bar) 

TC  = Transducer  Controller  housed  in  aluminum 

mini-box 

Si  * Single  pole,  single  throw  mini-switch 

The  heart  of  the  "biteometer"  is  the  var- 
iable resistance  force  transducer  (R3) . The 
transducer's  resistance  decreases  with  in- 
creasing force  and  is  a component  of  a simple 
voltage  divider  circuit.  It  is  shunted  by  the 
variable  resistance  (R2)  which  provides  a 
means  of  zero-setting  the  transducer  under  no- 
load  conditions.  The  transducer  action  re- 
sults in  1 to  16  millivolts  across.  (Ri)  for 
the  range  of  rodent  biting  forces. 

A commercial  transducer  was  tried  first, 
but  was  abandoned  when  its  variable  resistance 
material  prematurely  age-hardened.  New  trans- 
ducers were  constructed  by  the  authors  employ- 
ing a mixture  of  rubber  cement  with  finely 
powdered  activated  charcoal.7  The  ratio  of 
charcoal  to  rubber  cement  was  varied  until  a 
transducer  of  the  desired  sensitivity  was 
achieved.  When  a greater  amount  of  charcoal 
was  added  to  the  cement,  the  sensitivity  to 
pressure  increased.  The  transducer  was  mount- 
ed within  a bite-bar  which  provided  the  rodent 
a means  of  activating  the  transducer  (Figure  4) . 


BUe-Bar 
FIGURE  4 


During  the  course  of  the  experiment,  sev- 
eral transducers  were  calibrated  and  used  in 
obtaining  the  data  presented.  The  unit  was 
adjusted  to  1 mV  output  with  no  pressure  on 
the  transducer.  Then,  100  gram  weights  were 
added  to  the  bite-bar  via  1/8"  diameter  rod. 
This  procedure  was  repeated  ten  times  for  each 
weight  category  and  the  means  and  range  plot- 
ted for  each  category.  Transducers  were  dis- 
carded if  the  ranges  for  any  two  weight  cate- 
gories overlapped.  Transducers  were  calibrat- 
ed on  the  day  of  their  intended  use  since 
their  response  to  pressure  changed  from  day 
to  day  due  to  drying  of  the  rubber  cement.  It 
was  found  that  the  transducer  yielded  an  im- 
mediate response  upon  application  of  pressure; 
however,  the  response  slowly  increased  if  the 


pressure  remained  on  the  transducer.  This 
property  did  not  significantly  affect  the 
measured  forces  since  all  species  exerted 
force  on  the  bite-bar  only  momentarily  with 
each  bite. 

The  Gnathodynameter  described  here  is  a 
functional  instrument  with  which  biting  forces 
can  be  determined  with  a reasonable  degree  of 
accuracy.  However,  it  should  be  noted  that 
several  physical  variables  Which  influence 
biting  force  are  inherent  in  the  design  of  the 
instrument.  First,  the  thickness  of  the  bite- 
bar  has  a direct  bearing  on  the  amount  of 
force  that  can  be  applied.  Biting  forces  are 
dependent  on  the  vertical  separation  of  teeth, 
and  when  the  mouth  is  open  widely,  total  mus- 
cular force  cannot  be  applied.  (This  is  a de- 
cided advantage  of  larger  size  cables.)  The 
thickness  of  the  bite-bar  was  approximately 
3/16  inch  and  the  total  mouth  opening  of  the 
test  animals  was  approximately  one  inch.  This 
probably  influenced  the  biting  force,  but  not 
to  a significant  degree.  In  fact,  studies 
have  shown  that  the  greatest  degree  of  damage 
inflicted  by  rodents  have  been  on  wire  struc- 
tures with  diameters  between  0.20”  and  0.50". 

Second,  the  position  of  the  incisors  on 
the  bite-bar  possibly  accounts  for  some  of  the 
variations  between  animals  of  the  same  spe- 
cies. During  calibration,  it  was  found  that  a 
point  1/16  inch  from  the  tip  and  along  the 
centerline  of  the  bite-bar  was  the  most  re- 
sponsive area.  When  biting  the  bar,  some  ani- 
mals may  not  have  bitten  this  area  even  though 
numerous  attacks  were  elicited  from  each  test 
animal . 

Rodent  Biting 

During  biting  force  measurements,  gophers 
were  placed  in  an  open-front  cage  (Figure  5) . 
One  of  the  front  feet  of  the  gopher  was  grasp- 
ed lightly  with  forceps  which  were  in  close 


Gopher  Biting  the  Bite-Bar 
FIGURE  5 
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proximity  to  the  bite-bar.  The  gopher  strik- 
ing at  the  source  of  irritation  readily  bit 
the  bite-bar.  This  procedure  was  repeated 
with  each  of  the  eighteen  gophers.  Biting 
force  varied  during  this  time  and  the  highest 
trace  recorded  for  each  gopher  was  considered 
its  maximum  capable  force.  A similar  proce- 
dure was  used  to  measure  the  biting  force  of 
eighteen  Norway  rats  and  sixteen  gray  squir- 
rels. However,  the  rats  were  placed  in  a re- 
strainer which  covered  the  entire  body  except 
the  head,  and  squirrels  were  hand-held  using 
a mink  handler's  glove. 

Summary  of  Maximum  Biting  Forces 
and  Pressures' 


TABU.  2 


Cray  Sqm 

rrel 

'.  i i • i u j 1 i . r ' •• 

Ratio  Biting 

Body 

W eight 

Bl  ti 

ng  Force 

Biting  Pressure 

Force  to 

L 

lbs . ) 

1 

( lbs ,/inJ ) * 

iKKly  We  ight 

x “ 

1.32 

2 . 89 

22,245 

2.2  3 

0 - 

0.17 

0 . 35 

2,679 

0.40 

Max . * 

1.61 

3.  30 

25,385 

2.94 

Min . ■ 

1.02 

2.29 

17,615 

1.46 

Range  » 

.59 

1.01 

7,770 

1.48 

"Based  on  mean 

maximum 

biting  surface 

area  of 

0.00013 

in.  * 

for 

lower 

incisors . 

Plains  Pocket  '".-jphe r Muxununi  B i l i ng 


X a 
0 * 

Max.  - 
Min.  « 
Range  • 

0.42  0.92  18,500 
0.08  0.13  2,525 
0.60  1.20  24,000 
0.30  0.71  14,200 
0.J0  .49  9,800 

2.23 
0.43 
2.93 
1 .48 
1 .45 

"Based  on  mean  maximum  biting  surface 
0.00005  in.2  for  lower  incisors. 

area  of 

.lorw.iy  Rat  Maximum  Isitinj  Force 

a • 

Max 

Min. 

Range 

0.66  0.95  7,115 

0.20  0.26  1,955 

1.01  1.56  11,642 

0.40  0.67  6,000 

0.61  0.89  6,642 

1.54 

0.55 

3.00 

0.76 

2.24 

"Based 
0.00  013 

on  mean  maximum  biting  surface 
in. 2 for  lower  incisorc. 

area  of 

The  squirrel  produced  the  greatest  biting 
pressure  (22,000  lbs. /in. 2)  followed  by  the 
gopher  (18,000  lbs. /in. 2)  and  the  rat  (7,000 
lbs. /in. 2).  Also,  the  biting  force  of  the 
squirrel  (3  lbs.)  was  about  three  times  great- 
er than  that  of  the  gopher  or  rat.  However, 
the  surface  area  of  the  squirrel's  lower  inci- 
sors was  almost  twice  as  great  as  the  gopher's 
and  this  appreciably  decreased  their  biting 
pressure.  The  mean  biting  force  to  body 
weight  ratio  was  identical  for  the  squirrel 
and  gopher  and  about  50  percent  greater  than 
that  of  the  rat. 

The  pressure  exerted  by  any  of  the  three 
species  on  wire  and  cable  sheaths  (metal 
shield/armor  and  plastic  jacket)  under  field 
conditions  could  be  several  times  greater  than 
that  reported  here.  It  would  depend  upon  the 


angle  of  the  animal's  head  as  it  relates  to 
the  amount  of  incisor  surface  area  contacting 
the  sheath.  For  example,  the  area  of  five 
contact  points  of  lower  incisors  total  .00005 
in.  ; however,  the  gopher  could  exert  0.93 
pounds  force  using  only  one  of  the  points. 
Therefore,  the  biting  pressures  reported  here- 
in are  considered  to  be  conservative  values. 

Gnawing  Action 

During  the  course  of  this  experiment,  it 
was  observed  that  the  gnawing  action  of  the 
rodents  seldom  approached  the  maximum  forces 
reported  here.  Usually  the  gnawing  action 
consisted  of  very  rapid  bites,  up  to  six  per 
second,  the  magnitude  of  which  was  one-half  or 
less  of  the  maximum  force  (Figure  6) . 


Gopher  Biting  Frequency  and  Force 
FIGURE  6 

It  appeared  highly  probable  that  this 
gnawing  action  was  more  frequently  used  to 
penetrate  sheaths  than  a series  of  strong 
singular  bites.  Therefore,  the  biting  rate 
(bites  per  second)  resulting  in  a wear  action 
and  the  persistence  of  attack  may  be  equally 
importart  as  the  maximum  force  exerted,  espe- 
cially in  damaging  materials  that  are  as  hard 
or  harder  than  the  incisors.  Gnawing  action 
and  incisor  hardness  were  examined  against 
sheath  penetration  evidence  to  establish  the 
principle  mode  of  mechanical  failure. 

Discussion 

As  described  in  the  preceeding  paragraph, 
the  gnawing  action  of  the  rodents  consisted  of 
very  rapid  bites  at  a maximum  rate  of  six  per 
second  and  an  average  rate  of  1.5  per  second. 
If  each  rodent  did  nothing  but  gnaw  continu- 
ously at  the  average  rate,  then  900,000  bites 
could  be  inflicted  on  any  wire  or  cable  speci- 
men during  the  "standard"  seven  day  cage  test. 
(During  this  test,  ten  specimens  are  exposed 
for  seven  consecutive  days  to  each  of  ten 
individually  caged  rodents.  The  rodent  has 
access  to  the  horizontally  mounted  specimen 
through  a 2 inch  x 2 inch  opening  in  the  front 
of  the  cage.  Wire  or  cable  designs  are  judged 
rodent  resistant  if  at  least  80  percent  of  the 
test  specimens  are  not  penetrated  through  the 
armor/shield. ) 
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Our  laboratory  observations  and  measure- 
ments indicate  that  the  gopher  is  actively 
gnawing  approximately  10  percent  of  the  time 
(90,000  bites),  the  squirrel  5 percent  of  the 
time  (45,000  bites)  and  the  rat  2 percent  of 
the  time  (18,000  bites).  Based  on  the  above 
duty  cycles  and  past  experience,  the  seven 
day  criterion  is  a reasonable  one  for  gopher 
tests.  However,  it  should  be  extended  to  14 
days  for  squirrel  tests  and  35  days  for  rat 
tests  for  comparable  biting  activity. 

An  examination  of  rodent  sheath  damage 
was  made  in  order  to  associate  the  damage  or 
failure  mode  with  biting  pressure,  biting 
frequency  and  incisor  hardness.  Those  sheath 
materials  that  were  completely  penetrated  and 
rendered  discontinuous  yielded  small  chips  of 
sheath,  plastic  and  metal,  which  were  dis- 
lodged by  the  rodent.  These  materials  were 
rated  as  failures  by  cutting  wear.  The  ratio 
of  incisor/material  hardness  and  frictional 
force  are  associated  with  this  type  wear. 

Those  sheath  materials  that  either  re- 
sisted penetration  or  exhibited  penetration 
without  the  evidence  of  residue  chips  were 
rated  damaged  or  failures  by  deformation  wear. 
Gnawing  frequency  and  material  toughness,  the 
latter  characterized  as  the  product  of  ulti- 
mate tensile  strength  of  the  material  by  the 
strain  at  fracture,  are  associated  with  this 
type  wear. 

In  the  following  paragraphs,  whenever 
rodent  damage  is  mentioned,  it  refers  to 
either  gopher  or  squirrel  damage  to  small  size 
(0.2  inch  to  0.4  inch  diameter)  buried  wire 
structures.  The  degree  of  damage  caused  by 
gophers  and  squirrels  is  similar.  Since  rats 
are  not  a major  cause  of  damage  to  communica- 
tion wire  and  cable,  no  specimens  were  exposed 
to  them.  We  would  expect  similar  types  of 
damage  from  the  rat.  The  rat  biting  data  may 
be  of  use  to  those  concerned  with  protecting 
foodstuffs. 

Proposed  Sheath  Failure  Modes 
Failure  by  Cutting  Wear 

During  cutting  wear,  a hard  particle  or 
rough  edge  cuts  a chip  from  the  wearing  sur- 
face. The  rough  edge  in  our  case  is  the  ro- 
dent's incisors.  If  a chip  is  cut,  then  very 
high  rates  of  wear  will  result.  For  this  type 
wear  to  occur,  the  cutting  agent  must  have  a 
hardness  greater  than  1.2  times  the  material 
being  cut  and  must  have  a cutting  angle  with 
the  wearing  surface  which  is  greater  than  8C.9 
The  angle  6c  is  defined  as  follows:9'10 

tAN(9c-90°)  * 

where  8C  = critical  angle  for  cutting 
U = friction  coefficient. 

A tabulation  of  these  conditions  for 
aluminum,  annealed  copper,  lead,  polyethylene 
and  poly  (vinyl  chloride)  sheath  materials  is 
contained  in  Table  3. 


Inc i sor /Subst rate 
Intel f ace 


TA.*LF 


Short  D Ratio 

Hu  r <Jric  Lnuisor/SuteCrute 

(Subs t rai  • J HjrdnMi 


Gopher/  flexible  P VC  0,7  I 
Gopher/  »-.D.  polyethylene  0.6  4 
Gopher/ lead  0.68 
Gopher /annealed  copper  0.34 
Gopher/al um num( soft)  0.48 


1 O4 . n • 3?  i-97 

114.8  45  2.11 

111.6  70  1.35 

142.4  79  1.20 

128.7  80  1.19 


The  hardness  ratios  of  annealed  copper 
and  aluminum  are  borderline  with  respect  to 
the  critical  value  of  1.2,  but  experimental 
error  can  account  for  the  required  margin. 
Figure  7 shows  the  gopher  incisors  are  capable 
of  assuming  the  position  of  a cutting  tool 
with  the  required  range  of  critical  angles. 


ONI  INCH 


NOURI  7 


Kinetic  coefficient  of  friction  (uk)  be- 
tween the  incisors  and  substrates  was  measured 
in  accordance  with  ASTM  D 1894-63  Standard 
Method  of  Test  for  Coefficient  of  Friction  of 
Plastic  Film  except  for  the  following  change. 
Three  rodent  incisors  were  mounted  in  tripod 
fashion  on  a separate  rubber  pad  and  placed 
beneath  the  sled.  The  weight  of  the  rectangu- 
lar sled  was  200.5  grams  and  the  weight  of 
gopher  incisors  plus  rubber  pad  was  12.7 
grams . 

The  Shore  D Durometer  Hardness  Tester  per 
ASTM  Standard  D 2240  was  selected  because  its 
30°  spherocone  indent.or  with  0.004  inch  radius 
simulated  the  sharp  rodent  incisors  better 
than  other  type  hardness  testers. 

It  has  been  well  known  that  the  relative- 
ly soft  metals  and  plastics  listed  in  Table  3 
are  susceptible  to  rodent  penetration,  but  a 
failure  mode  was  not  previously  assigned.  A 
cutting  wear  mode  is  now  proposed. 

Failure  by  Deformation  Wear 

The  relatively  hard  metal  sheaths,  such 
as  tin  plated  steel,  austenitic  and  ferritic 
steels,  and  certain  copper  alloys,  have  Shore 
D hardness  values  ranging  from  90  to  95  and 
incisor/metal  hardness  ratios  ranging  from 
1.00  to  1.05.  These  ratios  are  well  below  the 
1.2  level  required  for  cutting  wear. 
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Type  430  Stainless  Steel  Armor  (.0025"  thick, 
annealed)  on  1-Pair  19  AWG  Rural 
Distribution  Wire 

FIGURE  11 

This  physical  evidence  suggests  damage  by 
deformation  wear.  "Deformation  wear  consists 
of  the  continual  plastic  working  of  a surface 
until  cracks  form,  grow,  coalesce,  and  a wear 
particle  is  produced."'  Under  conditions 
where  stresses  are  high,  wear  tracks  are  pro- 
duced and  particles  are  dislodged  from  the 
edge  of  the  wear  track.  Although  no  direct 
correlation  has  been  established  for  metals, 
specialists  in  the  field  of  wear  agree  that 
high  toughness  is  necessary  to  resist  deforma- 
tion wear.  It  will  be  shown  that  such  is  the 
case  for  rodent  gnawing  action  on  certain 
metals . 

A metal  sheath  material  that  has  consis- 
tently resisted  gopher  and  squirrel  penetra- 
tion in  the  laboratory  and  in  service  (in  the 
absence  of  corrosion  damage)  is  .006"  thick 
Terneplate  (tin  plated  steel).  Its  hardness, 
tensile  strength,  elongation,  and  toughness 
index  number  are  compared  to  other  armor/ 
shield  materials  in  Table  4. 

TABLE  4 


Tonsi lc* 


Shield 

Material 

Shore  D 
Hardness 

St  rength 
(P.S.I.) 

r 

(in/in) 

Toughness 
Index  (T) 

CD  A 2 20- 

Bronze  - 1/2  hard 
- 1/4  hard 

94 

52.000 

45.000 

0.11 

0.25 

5,720 

11,250 

CDA  195 
Precipitation 
Temper  Copper  Alloy 

80,000 

0.15 

12  ,000 

Terneplate 

94-95 

54,000 

0.26 

14  ,040 

CDA  220 

Bronze  - "1/4  hard" 

93-94 

48,600 

0.34 

16,525 

Stainless  Steel 
Type  430 

95 

80,000 

0.26 

20,800 

Stainless  Steel 
Type  304 

95 

112,000 

0.29 

32,480 

FIGURE  10 
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One  of  several  methods  of  evaluating 
toughness  is  to  calculate  the  toughness  index 
number  (T) . 1 1 It  is  obtained  by  multiplying 
ultimate  tensile  strength  of  the  material  by 
the  strain  at  fracture  (T  = U.T.S.  x e)  . 
Toughness  is  expressed  as  the  amount  of  energy 
absorbed  per  unit  volume  of  n.aterial,  normally 
in  pound-force-inches  per  cubic  inch. 

It  can  be  seer,  fiom  Table  4 that,  in 
general,  the  various  steel  materials  have 
superior  toughness  as  compared  to  the  copper 
alloys.  However,  one  lot  of  copper  alloy 
yielded  a toughness  index  somewhat  greater 
than  that  of  tin  plated  steel.  The  data  was 
taken  on  shield  materials  after  processing 
into  completed  wire  to  allow  for  work  harden- 
ing effects,  particularly  in  the  case  of  Type 
304  Stainless  Steel. 

If  the  toughness  index  is  a reliable  in- 
dicator of  the  resistance  to  deformation  wear 
caused  by  rodents,  then  there  must  be  a corre- 
lation between  increasing  toughness  and  im- 
proving performance  in  the  cage  tests.  A 
comparison  of  relative  performance  is  shown 
in  Table  5.  In  order  to  emphasize  the  effects 
of  shield  thickness  and  minimize  the  effects 
of  width,  the  toughness  index  was  modified  as 
follows : 

T^  = T(w  x t) 

Tx  = U.T.S.  x c (w  x t) 

Tx  = B.S.  x t 

where 

w = 0.200",  an  arbitrarily  small  width 

equal  to  that  of  two  gopher  incisors. 

t = metal  sheath  thickness,  inches. 

U.T.S.  = Ultimate  tensile  strength  (psi) 

B.S.  = Breaking  strength,  (lbs.) 

e = strain,  (in. /in.) 

Tx  = Modified  toughness  index 

Shield  width  per  se , short  <->f  enclosing 
the  underlying  core,  does  not  contribute  to 
rodent  resistance,  but  is  a necessary  compo- 
nent of  toughness  - hence,  the  selection  of  a 
constant  arbitrarily  small  width. 


TAjll.i;  J 

One  or  Twr>  pair  Buried  Distribution  or  Service 

Wire  With  Hein  il  v Applied  Shield  

Breaking  Cage  T*st 

Shield  Thickness  Strength  1 Ncrotnt 

Material  (inch)  (lbs) (in/ in)  Tx  Surviving** 

2/0  Bronze 

1/2  h.ml  .000  52  .11  5.7  10 

1/4  hard  .005  45  .25  11.2  17 

cm  105  Precipitation  .005  80  .15  12.0  20 

'IV’jrper  Cupper  A1  loy 

Stainle.13  Steel 

Type  4)0  Annealed  .00)  48  .26  12.5  10 

(KA  220  Bronze 

"1/4  hard"  .005  48.6  . )4  16.5  80 

Stainless  Steel 

Type  4)0  Annealed  .004  64  .26  16.6  90 

TV-meplate,  Annealed  .006  64.8  .26  16.8  100 

Stainless  Steel 

Type  )04  Anneal-d  .003  67.2  .29  19.5  100 

Stainless  Steel  .005  U2  . 29  32.5  100 

Type  304  Annealed 


The  relationship  between  Tx  and  percent 
surviving  specimens  is  more  easily  determined 
from  Figure  12.  A correlation  of  improving 
performance  with  increasing  toughness  is 
apparent.  The  cut-off  point  of  minimum  ac- 
ceptable performance  is  quite  sharp  at  Tx  = 
16.5. 


MODIFIED  TOUGHNESS  INDEX  (T, ) 
FIGURE  12 


Conclusions  and  Recommendations 

Two  modes  of  sheath  failure  resulting 
from  rodent  gnawing  action  have  been  proposed. 
First,  relatively  soft  materials  such  as  flex- 
ible vinyl  plastic,  polyethylene,  aluminum, 
lead  and  annealed  copper  fail  by  cutting  wear. 
Small  chips  of  these  materials  are  dislodged 
by  the  rodent's  incisors.  The  key  factors  are 
an  incisor/substrate  hardness  ratio  greater 
than  1.2  and  an  incisor  cutting  angle  with  the 
wearing  surface  which  is  greater  than  9C.  The 
angle  0c  is  a function  of  the  coefficient  of 
friction  between  the  interacting  surfaces. 
Presently,  there  is  no  practical  economical 
way  to  impart  rodent  resistance  to  these  soft 
material'-  short  of  physical  isolation. 

Second,  the  relatively  hard  materials 
such  as  stainless  steel,  tin  plated  steel,  and 
certain  copper  alloys  ultimately  fail  by  de- 
formation wear.  It  involves  the  continual 
plastic  working  of  a surface  until  cracks 
form,  grow,  and  a wear  particle  is  produced. 
The  key  factor  is  material  toughness  which  is 
expressed  as  the  product  of  ultimate  tensile 
strength  and  strain  at  fracture.  A modified 
toughness  index,  the  product  of  breaking 
strength  and  strain  at  fracture,  is  used  to 
further  evaluate  material  thickness  effects. 

The  following  guidelines  are  recommended 
for  selecting  rodent  resistant  armor/shield 
material  for  wire  or  cable.  Select  a material 
which  will  yield  a Shore  D Hardness  of  «94  and 
a toughness  index  equal  to  or  greater  than 
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14,000,  preferably  after  processing  into  com- 
pleted product.  Adjust  the  thickness  (keeping 
width  constant  at  0.200  inch)  such  that  the 
modified  toughness  index  will  be  equal  to  or 
greater  than  16.5. 

While  these  guidelines  will  provide  ac- 
ceptable rodent  resistance  with  reference  to 
the  seven  day  cage  tests,  a higher  index  and 
greater  margin  of  safety  may  be  desirable  for 
special  situations.  Depending  upon  the  metal 
selected,  adjustments  to  thickness  may  be  re- 
quired to  compensate  for  corrosion  wear  and 
the  need  for  low  d.c.  resistance  to  minimize 
the  effects  of  inductive  interference  and 
lightning  surge  currents. 
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ABSTRACT 

CONnectorized  Exchange  Cable  Splicing, 
CONECS,  a new  Bell  System  development  by  AT&T, 
Bell  Labs,  and  Western  Electric  utilizing  the 
710  Connector  makes  it  practical  to  connec- 
torize  reels  of  cable  for  fast,  simple 
plugging  together  in  the  field.  A complete, 
tested  and  field  evaluated  package  of  docu- 
mentation and  hardware  is  now  being  used  to 
introduce  CONECS  for  buried  and  aerial  appli- 
cations. A package  for  underground  appli- 
cations will  be  introduced  early  in  1977. 

INTRODUCTION 

Historically,  telephone  cable  splicing 
has  been  very  labor  intensive  and  craft 
oriented.  For  more  than  eighty  years  the 
standard  wire  splice,  for  all  but  special 
trunk  circuits,  was  the  unsoldered  twisted 
joint.  The  splices  were  enclosed  in  lead 
sleeves  sealed  by  skillfully  wiping  with 
melted  lead  solder.  During  the  last  fifteen 
years  many  changes  have  been  introduced  in 
cable  splicing.  Practically  all  connections 
today  are  made  with  solderless  insulation 
piercing  connectors,  many  installed  with  high 
production  machines.  Various  types  of  splice 
cases  made  from  materials  ranging  from  alu- 
minum and  cast  iron  to  plastic  have  replaced 
most  of  the  lead  sleeves.  These  changes  sig- 
nificantly improved  productivity  and  helped 
to  meet  the  large  demands  for  new  types  and 
amounts  of  service  during  the  past  two  de- 
cades. Even  so,  cable  splicing  remains  more 
labor  intensive  than  most  other  parts  of  the 
outside  plant. 

Connectorized  cable  prepared  in  a fac- 
tory, shipped  to  the  field,  installed  in 
place,  and  plugged  together  has  been  an  old 
idea  of  Bell  Labs  development  engineers  and 
others.  However,  conventional  pin-and-jack 
connectors  long  used  by  the  military  and  for 
some  commercial  applications  were  unsuitable 
because  of  cost  and  the  difficulty  in  re- 
arranging circuits.  This  was  recognized 
early  and  several  proposals  emerged  for 
modular  designs  of  sub-multiples  of  the 
cable  in  the  late  fifties  and  early  sixties. 
These  were  keyed  to  the  emerging  color  coded 
PIC  cable,  but  could  also  be  used  on  pulp 
cable.  Serious  development  was  deferred 
until  recently  in  favor  of  developing  more 
urgently  needed  field  splicing  methods  which 
are  required  even  with  connectorized  cable. 


CONECS 

After  extensive  field  experiments  starting 
in  1974,  in  May  of  this  year  the  Bell  System 
began  a phased  introduction  of  a new  system 
for  efficiently  constructing  high  quality 
outside  plant,  called  CONECS,  for  CONnector- 
ized  Exchange  Cable  Splicing.  The  newly 
developed  system  makes  it  practical  to  pre- 
connectorize  and  pretest  reels  of  standard 
multipair  cable  in  a factory  or  remote  loca- 
tion for  fast,  simple  plugging  together  in  the 
field.  CONECS  is  the  result  of  a joint  effort 
of  AT&T,  Bell  Labs,  and  Western  Electric  to 
develop  a complete,  tested  and  field  evaluated 
system  package  including: 

Documentation  for  implementation 
Training  packages  for  users  and 
manufacturing 
Hardware  to  do  the  job 

At  the  heart  of  CONECS  is  the  Western 
Electric  manufactured,  Bell  System  standard, 
710  modular  Connector  System,  *2  which  is  now 
in  use  throughout  the  system  for  conventional 
field  splicing  of  multipair  cables.  The 
basic  element  of  CONECS  is  the  plug-in  bridge 
feature  of  the  710  Connector  system.  Typi- 
cally, at  a CONECS  splice  location,  one  of 
the  cables  is  preterminated  in  connector  (or 
female)  modules  and  the  other  cable  end  is 
preterminated  in  bridge  (or  male)  modules. 
These  are  quickly  plugged  together  with  the 
aid  of  a hand  tool.  The  concept  is  illus- 
trated in  Figure  1. 
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Figure  1.  Sequence  of  CONECS  Splicing 


125 


CONECS  splices  are  fully  compatible  with 
710  field  splicing  and  are  easy  to  rearrange. 
In  color  coded  cable  the  plug-in  bridge  can 
be  transferred  from  one  cable  count  to 
another  by  simply  unplugging  and  replugging 
together.  Branch  cables  can  be  added  to  the 
top  of  the  connector  module  of  a CONECS 
splice  in  the  field  by  using  a hand  tool. 

At  dedicated  straight  splices  where  quick 
disengagement  and  reassembly  are  not  re- 
quired, one  of  the  cable  ends  can  be  pre- 
terminated in  indexed-wire-holders  and  the 
mating  end  preterminated  in  connector  modules 
as  shown  in  Figure  2. 


The  indexed-wire-holder  securely  retains  the 
cable  conductor  ends  in  alignment  and  mates 
with  the  connector  module  to  form  a 25  pair 
splice  in  the  same  manner  as  the  conventional 
index  strip  in  a field  splice.  Branch 
cables  could  still  be  added  to  these  splices 
without  circuit  interruptions,  by  terminating 
the  branch  cable  in  plug-in  bridge  modules. 

Another  option  which  is  useful  in  certain 
critical  field  locations  is  the  half-CONECS 
splice.  One  cable  end  is  preterminated  in 
connector  modules  and  the  other  is  left 
blank  and  connected  to  the  preterminated  end 
in  the  field  using  compatible  standard  710 
Connector  field  splicing  tools,  and  the  152A 
Test  Set  for  semi-automatic  verification 
testing . 

MANUFACTURING 

Western  Electric  is  using  both  its  cable 
factories  and  service  centers  to  connec- 
torize  CONECS  cables  and  apparatus.  The 
factories  are  best  equipped  to  handle  large 
orders  efficiently  and  avoid  unnecessary 
reel  handling  and  shipping.  The  service 
centers  can  respond  more  rapidly  to  special 
requests  and  routine  orders  of  stock  cable 
and  apparatus.  Interfaces,  load  coils, 
apparatus  cases,  stub  cables  and  pressure 
plugs  are  connectorized  in  a manner  similar 
to  cable  reels.  A coding  system  which 
specifies  each  cable  end  using  a 4 or  5 
digit  code,  permits  offering  hundreds  of 
splice  and  closure  combinations  for  full 
flexibility  in  outside  plant  design. 


CONECS  cable  leaves  the  factory  or 
service  center  fully  tested  and  ready  for 
installation.  In  addition  to  being  con- 
nectorized, the  sheath  ends  are  prepared 
for  the  closure  specified.  Compound  is 
thoroughly  cleaned  from  waterproof  cable  ends, 
which  eliminates  the  need  for  field  cleaning 
and  improves  the  quality  of  encapsulated 
splices.  The  cable  is  placed  on  specially 
constructed  reels  which  have  space  allocated 
for  storage  of  the  connectorized  ends. 

ENGINEERING  AND  CONSTRUCTION  WITH  CONECS 

CONECS  is  technically  and  economically 
feasible  for  most  splices  of  every  large 
cable  installation.  Long  runs  of  trunk 
and  feeder  cables  are  prime  candidates  for 
CONECS,  but  backbone  distribution  cable  in  a 
serving  area  is  also  a likely  candidate.  Any 
size  cable  can  be  connectorized,  but  it  is 
economically  more  favorable  at  this  time  for 
cables  of  200  pairs  and  larger. 

Standard  methods  can  be  used  for  placing 
aerial,  buried,  or  underground  CONECS  cables, 
but  restrictions  apply  to  certain  methods  and 
situations.  For  example,  only  one  end  can  be 
connectorized  if  the  stationary  reel  method 
is  used  to  place  aerial  cables,  or  if  the 
cable  is  placed  in  the  underground.  As  shown 
in  Figure  3,  cables  can  be  pulled  both  direc- 
tions from  one  manhole  which  permits  CONECS 
splices  in  alternate  holes. 
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Figure  3.  Underground  CONECS  Splice 

A point  worth  emphasizing  is  that  not  every 
splice  of  a cable  installation  need  be  con- 
nectorized nor  should  CONECS  be  avoided  just 
because  the  location  of  a few  splices  is 
critical.  Good  job  planning  will  purposely 
include  several  field  splices  for  length 
adjustments  and  for  verification  testing 
through  the  completed  CONECS  splices.  Often 
cable  placing  can  emanate  in  both  directions 
from  a critical  splice  location  or  these 
locations  can  be  used  for  the  field  splices. 

Only  three  inexpensive  special  tools  are 
required  for  CONECS.  These  are: 

A simple  toggle  type  plier  hand  tool 
for  seating  the  bridge  module  or 
indexed  wire-holder  into  a connector 
module. 

- An  alignment  bar  that  properly  spaces 
the  cable  ends  during  aerial  or 
buried  placing.  It  is  adjustable  for 
use  on  top  of  the  ground  or  at  the 
final  grade  level  in  a buried  splice 
pit.  A bar  can  be  removed  after  the 
cable  is  secured  in  place  and  used 


on  other  splices. 

The  last  tool  is  a split  feed  tube 
to  guide  cable  into  underground  ducts. 
This  is  required  because  the  splice 
bundle  is  too  large  to  pass  through 
the  opening  of  a standard  feed  tube. 

The  CONECS  concept  and  hardware  are 
simple,  but  planning  and  coordination  between 
engineering  and  construction  forces  are 
essential  to  insure  that  at  installation 
everything  will  fit  together  smoothly.  A 
complete  package  of  information  and  training 
aids  has  been  prepared.  The  package  includes 
"How  to--"  manuals  with  audio/visual  aids  and 
a course  leader's  guide.  Separate  segments 
are  directed  to  management  and  craft  person- 
nel. Operating  company  trainers  are  being 
taught  by  Bell  Labs  and  Western  Electric 
during  the  introductory  period  and  the 
material  will  be  included  in  standard 
training  courses  as  information  sources. 

A key  difference  between  CONECS  and 
standard  construction  is  the  joint  planning 
by  engineering  and  construction  which  is  done 
prior  to  ordering  the  cable.  It  is  neces- 
sary for  the  plant  engineer  and  construction 
supervisor  to  determine  placing  methods  and 
directions,  specify  the  location  of  splices, 
splice  configuration,  type  of  closure,  and 
direction  that  branch,  load,  or  apparatus 
stubs  will  enter  a splice  if  part  of  new 
construction.  In  standard  construction  these 
decisions  are  often  left  to  the  construction 
crews  or  contractors.  Consequently,  more 
engineering  involvement  with  the  construction 
phase  is  needed  for  CONECS,  but  this  has 
benefits.  Construction  is  of  better  quality, 
less  costly,  and  more  standardized.  Revi- 
sions and  deviations  are  essentially  elimi- 
nated. In  the  case  of  underground  plant  the 
additional  planning  for  CONECS  yields  better 
control  and  utilization  of  ducts  and  manhole 
space  which  are  often  critical  facilities. 

The  training  emphasizes  the  use  of  a simple 
schematic  of  the  route  which  provides  a 
means  of  accounting  for  all  of  the  details 
accurately  and  quickly. 

ADVANTAGES  OF  CONECS 

Including  the  Western  Electric  charges 
for  CONECS,  more  engineering  involvement, 
and  slightly  more  complicated  placing, 

CONECS  installation  costs  are  comparable  to 
field  splicing.  But,  higher  productivity, 
higher  quality  and  fringe  benefits  provide 
overall  savings.  Plugging  together  modules 
is  much  faster,  less  tiring,  and  less 
sensitive  to  craft  experience  than  conven- 
tional splicing.  For  example  a 600  pair 
buried  splice, shown  in  Figures  4 and  5, 
that  may  take  six  hours  to  complete  conven- 
tionally can  be  completed  in  less  them 
1 l/2  hours  with  CONECS  with  little  skill 
required.  A 2700  pair  underground  splice 
that  may  take  three  shifts  or  more  to 
complete  conventionally  can  be  completed 
by  one  splicer  in  1/2  shift.  The  tedious 
job  of  handling  hundreds  of  pairs  of  con- 
ductors is  reduced  to  plugging  together  a 
few  modules.  The  cables  are  fully  tested 
and  in  the  case  of  waterproof  cable, 
completely  cleaned.  The  precleaned  ends 
eliminate  an  unpopular  field  operation  and 


Figure  5.  Closeup  of  Hand  Tool 


improves  the  encapsulation  of  buried  splices 
and  housekeeping  in  pedestals.  Connectori zed 
ends  are  inherently  cleared  of  crosses  and 
shorts,  which  facilitates  verification  testing 
at  field  splices.  This  is  extremely  valuable 
for  underground  CONECS  where  at  least  every 
other  splice  is  a field  splice.  Opening  of 
adjacent  holes  for  clearing  cable  ends  is 
eliminated. 

The  faster  splicing  reduces  costs  with 
a leverage  greater  than  the  direct  cost  of 
the  splicer's  time.  Construction  intervals 
can  be  shortened  resulting  in  substantial 
reduction  in  the  period  capital  investment  is 
in  a nonearning  status,  which  reduces  carrying 
charges.  Nonproductive  time  of  manhole  guards 
and  costs  of  guarding  open  splice  pits  is  also 
reduced. 

CONECS  is  especially  valuable  for  busy 
streets  with  restricted  work  hours.  Splices 
and  site  restoral  can  be  completed  faster 
reducing  periods  of  traffic  disruption  and 
publib  inconvenience.  Coordination  with 
placing  crews  is  simplified  since  CONECS 
splicing  can  easily  keep  pace  with  placing. 
Duplicate  (lost)  time  associated  with  tem- 
porary splice  closures  and  return  trips  to 
complete  splices  is  essentially  eliminated. 

STATUS  AND  FUTURE 

All  aspects — training,  engineering, 
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placing,  splicing  and  manufacturing,  for 
aerial  and  buried  PIC  cable  applications 
were  thoroughly  tested  and  refined  in  field 
trials  in  two  Bell  System  operating  companies 
before  introducing  CONECS  to  other  companies. 
The  trials  were  very  successful;  more  than 
120  reels  of  cable  were  installed  in  five 
sites  of  aerial  and  buried  plant.  Cables 
were  plowed  and  trenched  in  the  buried 
trials  and  the  splices  were  placed  in  both 
buried  closures  and  pedestals.  Over  800 
reels  of  cable  were  placed  by  one  operating 
company  following  the  trials  using  the 
training  material  furnished  for  the  trials. 
The  trials  confirmed  the  practicality  of  the. 
CONECS  system  and  demonstrated  that  atten- 
tion to  detail  is  essential  to  realize  the 
full  benefits  of  CONECS. 


A carefully  planned  and  timed  introduc- 
tion in  three  Bell  System  operating  compa- 
nies, Southwestern  Bell,  South  Central  Bell, 
and  Northwestern  Bell,  began  in  May  of  this 
year  and  was  soon  expanded  to  four  other 
companies,  Bell  of  Pa.,  Southern,  Mountain 
Bell  and  Pacific  Northwest  Bell.  By  the 
end  of  this  year,  aerial  and  buried  PIC 
CONECS  will  be  available  to  all  Bell 
operating  companies.  Western  Electric  has 
timed  their  manufacturing  capability  to 
coincide  with  the  introductory  program. 

The  development  of  underground  CONECS  is 
trailing  the  aerial  and  buried  applications 
by  about  six  months.  Underground  field 
trials  began  in  November,  1975.  These 
trials  are  proceeding  very  smoothly;  they 
have  benefitted  substantially  from  the 
experience  with  buried  and  aerial  applica- 
tions. Implementation  and  training  docu- 
mentation packages  will  be  ready  for  intro- 
duction of  underground  CONECS  in  several 
operating  companies  early  in  1977. 

In  the  initial  form  CONECS  is  very 
attractive  in  many  applications  and  has 
been  accepted  enthusiastically  by  the 
operating  companies  (Ref.  3).  As  it  matures, 
cost  reductions  from  continued  imaginative 
manufacturing  engineering  will  make  CONECS 
even  more  attractive  in  the  future. 
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ABSTRACT 

A new  splice  enclosure  has  been  developed  for 
multioair  anal  low-sea  cables,  which  are  jelly-filled  and 
have  an  alum! num-lamlna t^d  polyethylene  sheath.  This 
splice  enclosure  uses  an  aluminum-laminated  polyethylene 
sleeve  as  the  splice  case  to  retain  the  hydrogen 
sulfide-proof  integrity  equivalent  to  that  of  the  cable. 
The  sleeve  Is  Pointed  to  the  cable  by  a fusion  method 
using  heat-shrlnkable  tubing  of  irradiated  polyethylene 
and  thermoplastic  adhesives  consisting  essentially  of 
ethyl«»ne-etnyl  acrylate  copolymer  and  low-density  poly- 
ethylene. To  Improve  the  bonding  reliability  of  the 
joint,  a temperature-indicating  pigment,  the  color  of 
which  changes  reversibly  at  about  130°C,  is  incorporat- 
ed into  the  adhesive.  The  design  considerations,  the 
adhesive  development,  the  bonding  reliability  of  the 
joint,  the  sulfide  and  mechanical  resistances  of  the 
enclosure  are  discussed. 

INTRODUCTION 

As  one  of  the  local  (short-distance)  communication 
cables  to  connect  a number  of  islands  of  Japan,  poly- 
ethylene-insulated, polyethylene-sheathed  multipair 
submarine  cables  (called  the  PE-P  submarine  cable)  have 
beer,  used  since  1956.  Since  the  cable  sheath  has  no 
barrier  to  corrosive  gas  permeation,  however,  the  cable 
often  had*  the  Insulation  failures  due  to  the  hydrogen 
sulfide  trees. 2 in  addition,  it  is  unfilled  cable 
having  poor  waterproofness.  To  solve  these  problems, 

NTT  has  developed  a new  multipair  shallow-sea  cable  in 
cooperation  with  the  Ocean  Cable  Co.  Ltd,^  This  cable 
is  filled  with  a polybutene  compound  and  has  an  alumi- 
num-laminated polyethylene  sheath;  hence  the  name*  is 
Jelly-Filled  Laminated  Aluminum  Polyethylene  sheathed 
submarine  cable  (called  the  JF-LAP  submarine  cable). 

These  shallow-sea  cables,  although  Installed  ini- 
tially without  cable  splice,  require  a splicing  method 
for  repairing  cable  failures.  A welding  technique  using 
an  electrical  heating  wire  has  been  used  for  enclosing 
the  PE-P  submarine  cable  splices.  However,  the  enclo- 
sure uses  a PE  sleeve  as  the  splice  case,  which  has  no 
barrier  to  corrosive  gas  permeation.  In  addition,  the 
welding  operation  demands  a critical  heating  control 
for  satisfactory  welds.  The  introduction  of  the  new 
sulfide-  and  water-proof  cable  reauires  the  development 
of  a more  reliable  splice  enclosure  than  that  used  in 
the  old-type  PE-P  submarine  cable.  This  paper  presents 
a new  method  of  enclosing  the  multipair  shallow-sea 
cable  splices,  whose  method  uses  heat-shrinkable  tubing 
of  irradiated  FE  and  thermoplastic  adhesives. 

DESIGN  CONSIDERATIONS 

Requirements 

The  splice  enclosure  for  the  shallow-sea  cables 
must  (l)  have  the  sulfide-  and  water-proof  integrity 
equivalent  to  that  of  the  cable,  (?)  withstand  the  water 
pressure  up  to  20  kg/cm?  corresponding  to  200  m of  sea 
depth,  (3)  be  strong  enough  to  withstand  the  tensile  and 
bending  loads  and  the  kinks  developing  when  cables  are 
laid  or  recovered.  Furthermore,  the  enclosure  requires 


(4)  short  installation  time,  (5)  no  special  tool  or 
equipment,  (6)  no  high  degree  of  skill,  (7)  minimum 
number  of  parts  for  a given  enclosure  si*e,  and  (8) 
minimum  range  of  part  sizes  to  accommodate  all  the 
cable  sizes. 

Sleeve  and  foicapsulant 

The  enclosure  is  designed  to  have  the  sulfide-  and 
water-proof  integrity  equivalent  to  that  of  the  JF-LAP 
submarine  cable.  According  to  this  primary  design  ob- 
jective, an  aluminum-laminated  PE  sleeve  was  used  as 
the  splice  case  and  was  filled  with  the  same  compound 
as  that  used  in  the  cable.  The  sleeve  has  the  same 
laminate  structure  as  the  cable  sheath  and  is  manufac- 
tured in  the  same  way  as  the  cable;  accordingly,  it  is 
referred  to  as  the  LAP  sleeve.  The  LAP  sleeve  has  two 
holes  for  injecting  the  encapsulant. 

Sleeve-Gable  Jointing 

In  the  splice  enclosure  for  the  PE-P  submarine 
cable  (Figure  1),  the  PE  sleeve  having  no  metal  barrier 
is  jointed  to  the  cable  by  a welding  technique  with  an 
electrical  heating  wire  consisting  of  copper  wires 
embedded  between  PE  sheets.  This  jointing  method  (re- 
ferred to  as  heating  wire  method),  which  is  similar  to 
those''4  in  land  cables,  requires  a very  careful  heating 
control  to  weld  reliably  the  sheath  without  its  thermal 
deterioration  and  distortion.  In  addition  to  the 
correct  interface  temperature,  the  welding  operation 
requires  a correct  pressure,  i.e. , a tight  contact 
between  the  surfaces  to  be  welded,  A neoprene  tape  is 
used  for  this  purpose.  However,  the  pressure-applying 
method  cannot  be  applied  to  the  LAP  sleeve  (for  the  JF- 
LAP  submarine  cable) , which  is  too  rigid  to  the  radial 
pressure  of  the  rubber  tape.  In  fact,  the  jointing  of 
the  sleeve  and  the  cable  by  the  heating  wire  method 
resulted  in  faulty  welds. 

An  answer  to  solving  this  problem  is  to  weld  or 
melt  bond  the  cable  sheath  to  the  outer  surface,  but 
not  to  the  inner  surface,  of  the  LAP  sleeve.  As  one  of 
such  jointing  methods,  we  chose  a melt-bonding  or 
fusion  method  using  heat-shrinkable  tubing  as  the 
pressure-applying  material  and  thermoplastic  adhesive 
as  the  binder  of  tube,  sheath,  and  sleeve  (referred  to 
as  heat-shrinkable  tubing  method).  The  principle  is 
shown  in  Figure  ?,  where  propane  or  gasoline  torchs  are 
used  as  the  heating  tool.  In  the  design,  it  is  desired 
that  the  tube-adhesive  and  adhesive-sheath  bonds  have 
a high  bond  strength  and  environmental  resistance 
similar  to  those  of  PE-PE  weld.  The  desire  led  us  to  a 
choice  of  material  combination*  irradiated  low-density 
PE  as  the  tubing  material  and  ethylene  copolymers  or 
PE  produced  by  the  high  pressure  method  as  the  adhesive 
polymer.  Although  heat-shrlnkable  tapes  of  irradiated 
PE  can  be  used  in  place  of  the  tubing,  the  shrink 
forces  and  the  workmanship  of  application  are  inferior 
to  those  of  the  tubing.  According  to  the  requirement 
that  the  joint  must  have  the  tensile  strength  equivalent 
tc  that  of  the  cable  sheath  or  the  LAF  sleeve,  the 
minimum  thicknesses  of  the  tube  and  the  adhesive  layer 
were  decided  to  be  1,6  mm  and  1,0  mm,  respectively. 
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rt*.\tlng  Control  and  Adhesive 


The  welding  of  land  cable  sheaths,  the  PE  of  which 
contains  carbon  black,  requires  the  minimum  temperature 
of  140*C^  and  the  optimum  temperature  of  lbO — 2 00*C^’ 
at  the  welding  Interface.  The  welding  of  the  submarine 
cable  sheaths,  the  FE  of  which  contains  no  carbon  black, 
requires  the  Interface  temperatures  similar  to  those  In 
lard  cables. 


In  the  heat-shrlnkable  tubing  method  (Figure  2), 
achieving  such  a high  Interface  temperature  requires 
heating  with  a strong  flame  torch  for  at  least  3 mini 
the  requirement  of  such  a strong  heating  Is  a conse- 
ouence  of  large  temperature  gradient  (decreasing  toward 
the  Inside)  of  the  heating  portion.  However,  the  direct 
heating  of  the  tube  raised  the  surface  temperature  to 
more  than  4 50* C and  thus  caused  the  thermal  degradation 
of  the  tube  FE  containing  no  carbon  black.  In  some 
cases,  it  resulted  in  the  development  of  small  surface 
cracks  or  crazing  and  the  subseouent  failure  of  the 
tube,  whose  failure  occurs  at  the  temperature  of  which 
the  snrlnk  force  exceeds  the  breaking  stress  of  tubing. 
According  to  the  Induction  time  data*’  in  autooxidation 
of  stabilized  low-density  PE,  it  is  recommended  that  the 
surface  temperature  of  the  tube  does  not  exceed  25 0 C 
for  5-m.in  heating.  To  prevent  the  overheating,  ac- 
cordingly, the  tube  surface  was  protected  i rom  direct 
flame  by  wrapping  it  with  heat-shrlnkable  films  or  tapes 
such  as  irradiated  FE  films,  figure  3 shows  the  temper- 
ature Increase  curves  at  the  each  interface  of  the 
jointing  assembly  (Figure  2),  which  was  strongly  heated 
with  a propane  torch  bv  two  different  operators  (a  and 
B).  Apparently,  the  tube  surface  is  effectively  pro- 
tected  from  overheating  with  the  wrapped  film  (0.2  mm 
thick),  and  the  interface  temperature  (Tj)  between  the 
film  and  the  tube  is  maintained  at  about  250°C  even 
when  it  is  heated  with  strong  flame  torchs. 


The  interface  temperature  (T3)  between  the  sheath 
and  the  adhesive  is  of  prime  importance  for  achieving  a 
high  integrity  joint  by  the  heat-shrinkable  tubing 
method.  When  low-density  PE  is  used  as  the  adhesive, 
the  reliable  welding  of  the  interface  requires  relative- 
ly high  interface  temperatures  (more  than  140°C)  and 
thus  a critical  heating  control;  in  one  case  the  inter- 
face temperature  reaches  170°C  (Figure  3B)  and  in  other 
case  it  does  not  exceed  140*C  (Figure  3A)  for  5-min 
heating.  A Further  stronger  or  longer  heating  might 
eventually  result  In  the  thermal  distortion  of  the 
sheath  and  the  sleeve  and  in  bumig  of  the  tape  and  the 
tube.  If  the  sheath  FE  is  strongly  bonded  with  a 
thermoplastic  or  hot-melt  adhesive  at  lower  temperatures 
than  the  welding  temperature  of  PE,  such  an  adhesive 
will  relieve  the  critical  heating  control  problem  and 
improve  the  operation  reliability  of  bonding.  As  a 
result  of  extensive  investigations  on  a number  of  PE  and 
ethylene  copolymers,  we  developed  a thermoplastic  ad- 
hesive consisting  essentially  of  ethylene-ethyl  acrylate 
copolymer  and  low-density  PE,  which  has  a high  bonda- 
bility  to  FE  even  at  bonding  temperatures  near  the  melt- 
ing point  of  PE  ( see  below).  In  this  case,  raising 
T3  to  130®C  ensure  the  integrity  bond  of  the  interface. 
As  the  Tj  indicator,  a heat-sensitive  pigment  was  used, 
whose  colar  changes  reversibly  from  yellow  to  orange  at 
about  130°C.  The  reversibility  permitted  the  pigment  to 
be  incorporated  into  the  adhesive. 


Although  the  U6e  of  the  LAP  sleeve  decreased  sig- 
nificantly the  amount  of  sulfide  penetrating  through 
the  enclosure,  two  additional  paths  of  sulilde  penetra- 
tion was  found  1 (l)  the  injection  and  vent  holes  in  the 
LAP  sleeve,  (2)  the  gap  and  PE  layers  between  the 
sheath  and  sleeve  aluminums.  To  prevent  the  sulilde 
penetration  through  these  paths,  there  are  three  possi- 
ble waysi  (A)  to  wrap  the  6plice  with  adhesive  aluminum 
tapes  to  make  the  penetration  paths  longer,  (B)  to 
incorporate  sulfide  scavengers  Into  the  encapsulant, 

(C)  to  seal  the  holes  and  the  lap  joints  (between  the 
sheath  and  the  sleeve)  with  the  adhesive  copolymer  con- 
taining sulilde  scavengers,  which  is  applied  on  the 
inner  side  of  the  adhesive  with  no  scavenger  (Figure  5). 
Table  1 summerizes  the  effects  of  these  three  methods 
on  the  sulfide  prevention,  where  two  copper  strips 
(0.2x5*230  m*)  were  placed  on  the  splice  to  detect 
sulfide  penetration.  The  enclosure  (Figure  5)  was 
immersed  in  a sulfide  aqueous  solution  of  1000  ppm  at 
30°C,  under  the  same  condition  as  which  the  JF-LAP  sub- 
marine cables  have  no  corrosion  of  the  copper  conductor. 
A lead  acetate  powder  was  used  as  a model  scavenger 
dispersive  with  the  encapsulant  (method  B) , and  a 
copper  powder  was  used  as  a model  scavenger  dispersive 
with  the  adhesive  copolymer  (method  C).  It  can  be  seen 
from  Table  1 that  method  C is  the  best  way  to  prevent 
the  sulfide  penetration.  The  adhesive  copolymer  with 
sulfide  scavenger  is  referred  to  as  the  sulfide 
capture  sealant. 


PARTS ARP  MATERIALS 

Figure  5 shows  the  enclosure  developed  for  the  JF- 
LAP  submarine  cabl®  splices.  The  parts  used  are 
illustrated  in  Figure  6.  They  include* 

1 . LAP  sleeve 

2.  Encapsulant 

3.  Heat-shrlnkable  tubing 

4.  Heat-shrinkable  tape 

5.  Adhesive 

6.  Sulfide  capture  sealant. 

The  LAP  sleeve  is  accompanied  with  two  aluminum  screws 
for  sealing  the  injection  and  vent  holes  in  the  sleeve. 
The  heat-shrinkable  tubing  is  made  of  an  irradiated  low- 
density  PE  containing  antioxidants  and  no  carbon  black. 
In  Held,  a long  piece  (about  2 m)  of  the  tubing  is  cut 
off  to  proper  lengths  for  sleeve-cable  jointing,  in- 
jection holes  sealing,  and  enclosure  protection.  The 
heat-shrinkable  tape,  which  is  made  of  an  irradiated 
low-density  PE  film,  is  used  for  both  the  protection  of 
the  tube  surface  from  direct  flame  and  temporary  fixing 
of  wrapped  adhesive  tapes  (see  below).  The  adhesive 
consists  of  ethylene-ethyl  acrylate  coDolymer,  low- 
density  PE,  heat-sensitive  pigment,  and  antioxidant. 

The  adhesive  sheet  has  a groove  (on  the  inner  side) 
serving  as  a guide  line  of  air  removal  and  as  a temper- 
ature indicator  at  the  interface.  The  sulfide  capture 
sealant,  which  is  provided  as  a sheet,  consists  of 
ethylene-ethyl  acrylate  copolymer,  low-density  FE, 
sulfide  scavenger,  and  a combination  of  stabilizers. 


The  shrink  force  of  the  tubing,  consisting  of  ir- 
radiated low-density  PE,  begins  to  develop  at  about  the 
melting  point,  increases  abruptly  at  110 — 130*C,  and 
then  reaches  a constant  value  at.  about  140°C  (Figure  4) 
The  temperature  inside  the  tube  (T?)  always  exceeds 
140*C  at  the  temperatures  T^illO^C  (Figure  3). 

Sulfide  Capture 


FRCCEDLRE  OF  ENCLOSING 

The  following  is  a detailed  description  of  the 
procedure  of  enclosing  the  JF-LAP  submarine  cable 
srlicesi 

1,  The  La?  sleeve  and  the  five  tuves  are  inserted 
on  the  cable  prior  to  splicing. 
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following  Is  a short  summary  of  aforementioned  studies. 


p 


2.  After  the  splice  Is  completed,  the  sheath  and 
sleeve  surfaces  to  be  bonded  are  wiped  with  a 
cotton  cloth  imprecated  with  petroleum  benzin. 

3.  The  sulfide  capture  sealant  sheet  is  wrapped  on 
the  lap  portion.  Overlapping  the  sealant  sheet, 
tne  adhesive  sheet  is  wrapped  over  both  the 
sleeve  and  the  sheath  and  temporarily  fixed 
with  the  heat-shrinkable  tape. 

4.  The  heat-shrinkable  tubes  are  moved  onto  the 
wrapped  adhesive  tapes  and  pre-heated  only  to 
shrink  them.  On  the  shrinked  tubes,  the  heat- 
shrinkable  tape  is  herically  wrapped  and  then 
heated  with  a strong  propane  torch  until  the 
color  of  the  heat-sensitive  pigment  in  the 
adhesive  changes  from  yellow  to  orange  and  until 
the  grooves  on  the  Inner  surface  of  the  adhesive 
tape  melt  away  (the  heating  time  is  4 — 5 min). 

5.  After  the  jointed  part  is  cooled,  molten  poly- 
butene compound  is  injected  into  the  LAP 
sleeve  through  one  of  two  holes  in  the  sleeve. 

6.  After  the  holes  are  closed  with  the  aluminum 
screws  and  after  the  neighborhoods  are  cleaned 
with  petroleum  benzin,  they  are  sealed  with  the 
sulfide  capture  sealant,  the  adhesive,  and  the 
tube  in  the  same  way  as  that  described  above. 

7.  The  application  of  a long  piece  of  the  tubing 
for  the  enclosure  protection  completes  the 
enclosure. 

The  total  time  taken  to  enclose  the  splice  is  about 
50  min.  This  time  is  2C  min  shorter  than  that  in  the 
heating  wire  method. 

ADHESIVE  DEVELOPMENT 

The  design  considerations  In  development  of  the 
adhesive  follow  those  in  the  splice  enclosure  discussed 
above.  The  adhesive  must  havei 

1.  a high  melt  bondabillty  to  sheath  PE  at  lower 
bonding  temperatures  than  the  welding  temper- 
ature of  the  PE,  and  the  bond  must  have  a high 
strength  and  durability  similar  to  those  of  the 
PE-PE  welding  at  the  field  conditions, 

2.  also  a high  melt  bondability  to  the  heat- 
shrinkable  tubing  of  irradiated  PE, 

3.  a high  cohesive  strength  and  environmental 
resistance  similar  to  those  of  the  PE  since  it 
must  also  function  as  a gap-filling  adhesive 
(or  sealant)  or  must  be  applied  in  the  state  of 
a thick  layer. 

Before  the  enclosure  development  program  began, 
studies  were  carried  out  on  the  hot-melt  adhesive 
bonding  of  PE  with  the  ethylene  copolymers  and  on  the 
methods  of  Jointing  land  cables  and  PE  sleeve. 
Accordingly,  the  objective  of  the  adhesive  development 
was  to  find  a thermoplastic  adhesive  copolymer  applica- 
ble to  the  splice  enclosures  in  land  cables  as  well  as 
those  in  the  submarine  cables.  This  design  feature 
extends  the  maximum  design  service  temperature  from 
30  to  60*C  and  the  PE  to  be  bonded  from  no-carbon  PE  to 
black  PE.  As  a candidate  meeting  these  requirements, 
we  noted  ethylene  copolymers  produced  by  high  pressure 
method,  having  high  cohesive  strength.  Conventional 
hot-melt  adhesive  compounds,  which  consist  essentially 
of  ethylene  copolymers,  waxes,  and  tackiflers,  cannot 
be  used  as  the  adhesive  because  of  their  low  cohesive 
strength  and  the  resultant  low  bond  strength  (especial- 
ly at  relatively  high  ambient  temperatures).  The 


Table  2 summerizes  hot-melt  adhesive  bondability 
of  the  various  ethylene  copolymers  to  a low-density  PE 
(melt  index  0.3  g/10  min,  density  0.922  g/ cm3).  When 
the  three  types  of  ethylene  copolymers  are  compared  at 
similar  comonomer  content,  it  is  apparent  that  the 
Increasing  order  of  peel  strength  of  the  joints  bonded 
at  140°C  is  as  follows*  LEA > EVA > EAA.  When  low-density 
PE  itself  is  used  as  a thermoplastic  adhesive  for  the 
PE  adherend , the  welding  does  not  occur  at  the  bonding 
temperatures  near  the  melting  point  (llO*C)j  this  is 
due  to  insuff icl ent  mobility  of  the  polymer  molecules 
to  flow  and  interdlffuse  at  the  temperatures.  On  the 
other  hand,  the  use  of  ethylene-ethyl  acrylate  (EEA) 
copolymers  as  the  adhesive  yields  high  peel  strengths 
even  at  bonding  temperatures  of  110®C,  which  is  near 
the  melting  point  of  PE  and  about  20° C higher  than 
those  of  the  copolymers.  This  increased  melt-bondablli- 
ty  at  110°C  by  the  introduction  of  the  comonomer  units, 
concurrent  with  the  increase  in  polarity,  arises  from 
the  lowered  melting  point. 

When  low-density  PE  is  melt  blended  into  the  EEA 
copolymers,  the  peel  strength  at  70° C of  joints  bonded 
at  140°C  with  the  polymer  blends  passes  through  a maxi- 
mum at  the  PE  content  of  about  10  wt  % and  the  decreases 
with  PE  content  (Figure  7).  The  peel  strength  at  60°C 
gave  a similar  result.  Furthermore,  the  poiymer  blend 
of  EEA-l/PE-1  - 9/ 1 showed  a higher  peel  strength  (at 
23°C)  at  low  bonding  temperature  (110°C)  tnan  does 
EEA-1  (Figure  8). 

According  to  these  results,  a polymer  blend  of  EEA 
copolymer  and  low-density  PE  was  used  as  the  adhesive 
material.  The  incorporation  of  heat-sensitive  pigments, 
stabilizers,  and  sulfide  scavengers  into  the  adhesive 
copolymer  resulted  in  little  decrease  in  peel  strength. 
The  application  of  the  adhesive  copolymer  to  the  sleeve- 
cable  jointing  decreased  the  optimum  Interface  temper- 
ature from  18< — 200°C  (of  PE-FE  welding)  to  130 — 140°C, 
and  improve  significantly  the  operation  reliability  of 
the  jointing. 

OPERATION  RELIABILITY  OF  BONDING 

In  the  sleeve-cable  jointing  operation,  the  oper- 
ation reliability  of  sheath-adhesive  bonding  is  of 
prime  importance  to  obtain  a high  integrity  enclosure. 
The  bond  integrity  was  evaluated  by  a peel  test  along 
the  cable  circumference  as  shown  in  Hgure  9,  where  the 
jointed  portion  was  cut  off  (to  a width  of  1 cm)  normal 
to  the  length  of  cable,  and  the  sheath-adhesive  inter- 
face was  separated  by  a tensile  test  machine  at  a 
crosshead  spe.'d  of  10  cm/min.  Figure  10  shows  typical 
autographic  load  curves  of  peeling  of  the  bonds 
prepared  by  the  heat-shrinkable  tubing  method  (A)  and 
by  the  heating  wire  method  (b).  From  the  curves,  the 
maximum,  the  average,  and  the  minimum  peeling  loads 
were  determined. 

Cleaning  of  Sheath  Surface 

To  clean  up  the  sheath  surface,  it  was  wiped  with 
a cotton  cloth  impregnated  with  organic  solvents. 

Table  3 summerizes  the  effects  of  solvent  wiping  on  the 
resultant  adhesive  bond  strength,  where  the  sheath 
surface  was  contaminated  with  the  polybutene  compound 
in  advance  of  wiping.  It  can  be  seen  that  the  use  of 
aliphatic  and  aromatic  hydrocarbon  solvents  is  effec- 
tive in  removing  the  encapsulant,  although  the  use  of 
acetone  and  ethanol  is  ineffective.  Also  these  solvents 
were  effective  in  removing  grease  and  oil.  According 
to  these  results,  contaminated  sheath  surfaces  were 
cleaned  with  petroleum  benzin,  one  of  these  solvents, 
to  ensure  satisfactory  bonding. 
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Effects  of  Climate  Conditions 

The  operation  reliability  of  Jointing  was  examined. 
In  the  range  of  -20  to  40#C  of  ambient  temperature  and 
in  the  range  of  0 to  5 m/sec  of  wind.  The  heating  time 
was  4 — 5 min.  In  case  of  5 m/sec  of  wind,  the  heating 
operation  with  flame  torchs  was  Impossible.  In  case  of 
3 m/sec,  the  minimum  peel  strength  was  5 — 11  kg/cm, 
whereas  the  average  reel  strength  was  15 — 22  kg/cm.  In 
the  other  cases , the  Jointing  operation  resulted  In 
minimum  peel  strength  of  at  least  15  kg/cm,  and  In 
average  reel  strength  of  at  least  19  kg/cm  without 
excertlons. 

Differences  among  Splicers 

Differences  in  bond  strength  among  operators  were 
examined  by  nine  different  laboratory  persons.  Further, 
a field  trial  was  done  by  four  different  splicers. 

Both  tests  Indicated  that  the  operation  reliability  of 
bonding  was  excellent}  the  average  peel  strengths  exceed 
16  kg/cm  without  exceptions.  The  heating  time,  which 
was  Judged  by  the  colar  change  of  the  pigment  and  the 
disappearance  of  the  grooves  on  the  Inner  surface  of 
adhesive,  was  in  the  range  of  3.7 — 9.6  min  (about  5 »in 
in  average).  On  the  other  hand,  the  heating  wire 
method  gave  faulty  welds  In  some  cases  (Figure  10). 

DURABILITY  OF  BOND 


The  bonding  m*»chanlsm  of  PE  and  ethylene  copolymers 
has  been  discussed.®  Although  whether  the  bond  strength 
Is  due  to  interfacial  Van  der  Waals  forces  or  interdlff- 
uslon  of  polymer  molecules  through  the  Interface  is 
still  In  Question,  we  believe  that  the  resultant  strong 
bond  strength  Includes  the  contribution  of  the  latter. 

In  this  case,  the  bond  Is  expected  to  withstand  field 
environments  as  well  as  PE-PE  welds.  The  cut-off  speci- 
men (l  cm  width,  see  Figure  9)  was  immersed  in  various 
aqueous  solutions  including  sea  water  at  60°C  for  21 
months,  and  then  the  peel  strength  was  measured  at  23°C, 
The  average  peel  strength  showed  no  significant  change 
(Figure  11 ). 


PERFORMANCE  OF  ENCLOSURE 


Sulfide  Resistance 


No  sulfide  corrosion  was  observed  In  the  copper 
conductors  and  the  copper  strips  placed  on  the  splice, 
when  the  enclosures  were  immersed  for  1 year  In  hot 
waters  (containing  hydrogen  sulfide  of  about  30  ppm)  at 
the  Beppu  hot-spring.  Furthermore,  the  immersion  test 
In  a sulfide  aoueous  solution  of  1000  ppm  at  30°C 
showed  no  sulfide  attack  except  the  neighborhood  of  the 
Injection  holes  In  the  sleeve  (Table  l). 

Water  Pressure  Resistance 

The  JF-LAP  submarine  cables  are  usually  Installed 
In  shallow  seas  of  less  than  100  m.  Without  water 
penetration,  toe  enclosures  were  placed  for  6 months 
under  the  water  pressure  of  20  kg/cm2  corresponding  to 
200  m of  sea  depth, 

Mechanical  and  Gas-Tight  Tests 

The  enclosures  are  required  to  have  the  tensile 
load  resistance  equivalent  to  that  of  the  cable  sheath. 
A tensile  test,  which  was  carried  out  at  50  mm/mln  of 
crosshead  speed,  showed  no  failure  of  the  Jointed  por- 
tions but  of  the  cable  sheath.  A kink  test,  as  shown 
In  Figure  12,  were  also  done  by  the  same  tensile  test 
machine  at  15  mm/mln  of  crosshead  speed.  The  test 
showed  some  cracks  in  the  laminated  aluminum  of  cable 
and  slepve  at  about  500  kg  load  and  some  breaks  In  the 
cable  sheath  near  the  Joint  at  about  600  kg  load.  On 


the  other  hand  , no  failure  was  observed  In  the  Jointed 
portions. 

Moreover,  various  mechanical  and  gae-tlght  tests, 
performed  usually  for  the  enclosures  In  land  cables, 
showed  no  gas  leak  and  mechanical  failure  In  the 
enclosure.  In  these  tests,  the  enclosures  were  not 
filled  with  the  r^capsulant  but  pressurized  to  1 kg/cm2 . 
These  tests  include  a heat-cycling  test  (-10  to  50*C) 
under  40  kg  load,  a bending  test  to  a diameter  of  12D 
(D  • 3.6  cm,  D Is  the  diameter  of  cable)  under  20  kg 
static  load,  a repeated  bending  test  to  a diameter  of 
50  cm,  and  a vibration  test  (-10  and  40*C)  at  600  rpm 
of  frequency  to  1x10®  cycles. 

SUMMARY 

Tbe  newly  developed  method  of  Jointing  sleeve  to 
cable  provides  a high  integrity  splice  enclosure  for 
multipair  shallow-sea  cables.  This  jointing  method, 
heat-3hrinkable  tubing  method,  has  much  higher  oper- 
ation reliability  of  melt  bonding  and  demands  lower 
degree  of  eklll  and  shorter  Installation  time  for 
splicers  than  do  welding  methods  using  electrical  heat- 
ing wires.  The  enclosure  withstands  the  6hallow-6ea 
environments  and  the  tensile  and  bending  loads  which 
develop  during  laying  and  recovering.  Currently,  the 
enclosure  system  Is  undergoing  field  Introduction. 
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Table  1.  Prevention  of  Hydrogen  Sulfide  Penetrating  through  Enclosures. 


Prevention  of  hydrogen 
sulfide  penetration 

Hydrogen  sulfide  attack4 

Cu  strip  on  the  side 
of  injection  holes 

Cu  strip  on  the  opposite 
side  of  Injection  holes 

Cu  conductor 

None 

X 

A 

X 

A.  The  splice  Is  wrapped 
with  adhesive  aluminum  tape 

A 

A 

A 

B.  Lead  acetate  is  incorporated 
into  encapsulant 

X 

O 

X 

C,  Cu  powder  Is  incorporated 
Into  adhesive  copolymer 

A 

o 

o 

a The  enclosures  were  Immersed  in  a hydrogen  sulfide  aqueous  solution  of  1000  ppm  at  30°C  for  112  days. 
(O)  no  change,  (A)  slightly  blackened,  (X)  completely  blackened. 
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Table  2.  Hot-Melt  Adhesive  Bending  of  Polyethylene  with  Ethylene  Copolymers. 


Adhesivea 

Comonomer*5 

content 

wt  % ( mol  ^) 

Melt  Index 
ASTM  D1238 

g/10  »ln 

Density 
ASTM  D1505 

g/cn>3 

Melting 

point 

•C 

Average  T-peel 
Bonded  at  110'C 

strength  at  23°C,  kg/25  mm11 
Bonded  at  140*C 

PE-l 

0.25 

0.919 

106-107 

0.2 

35® 

PE-2 

- 

7.0 

0.922 

- 

- 

35® 

PE-3 

. 

20 

0.911* 

- 

0.6 

38* 

EVA-1 

8 (2.8) 

2 

0.93 

93 

3.5 

39® 

EVA-2 

l1*  (5.1) 

3.3 

0.93 

8? 

6.0 

16.5 

EVA-3 

19  (7.1) 

2.5 

0.94 

80 

2.6 

8.0 

EVA-1* 

19  (?.l) 

150 

0.94 

77 

- 

12.3 

EVA-5 

28  (11.2) 

6 

0.95 

- 

- 

1.7 

EVA-6 

28  (11.2) 

150 

0.95 

- 

- 

3.0 

EEA-1 

15  t1*.?) 

1.5 

0.930 

87-89 

25.0 

45e 

EEA -2 

18  (A. 8) 

6 

0.931 

87 

15.0 

45* 

eea-3 

19  '8.2) 

2.2 

0.933 

83-85 

24.0 

45® 

EAA-1 

6-7  (2. 4-2. 8) 

10 

0.935 

96 

- 

10.7 

EAA -2 

6-7  (2.4-2. 8) 

10 

- 

97 

- 

13.0 

EAA -3 

20  (8.9) 

50 

0.96 

95 

~ 

0.5 

a The  ethylene-vinyl  acetate  copolymers  (EVA)  were  supplied  by  Mitsui  Polychemical  Co.  Ltd. , and  the  ethylene- 
ethyl  acrylate  copolymers  (EEA)  and  the  ethylene-acrylic  acid  copolymers  (EAA)  by  Union  Carbide  Corp. 
b Determined  by  Infrared  spectroscopy  and  titration. 

c Determined  from  the  peaks  of  endothermic  curves  of  the  differential  scanning  calorimeter. 

d A T-peel  specimen,  consisting  of  PE  (2  mm)  — adhesive  (0.5  mm)  — PE  (2  mm),  was  prepared  by  heating  for  5 »in 
with  a hot  press  at  110#C  or  140#C,  and  the  T-peel  strength  was  measured  according  to  ASTM  Dl8?6-6lT. 
e Adherend  failure. 


Table  3.  Effects  of  Solvent  Cleaning  of  Contaminated 
Cable  Surface  on  Adhesive  Bond  Strength. a 


Solvent  Peel  strpngth,  kg/c» 


Maximum 

Average 

Minimum 

None 

5.0 

2.5 

2.0 

^.5 

2.5 

2.5 

Ethyl  alcohol 

19 

6.0 

2.0 

14 

6.0 

2.0 

11 

4.0 

2.0 

Acetone 

25 

21 

11 

24 

18 

13 

24 

19 

7.0 

Petroleum  benzin 

22 

21 

18 

23 

21 

16 

25 

22 

18 

toluene 

25 

22 

19 

26 

25 

24 

26 

25 

24 

decalin 

24 

22 

19 

23 

21 

20 

24 

21 

19 

Tetrarln 

24 

22 

22 

24 

22 

20 

27 

25 

22 

a The  cable  sheath  was 
compound  in  advance 

1 contaminated  with  a 
of  solvent  cleaning. 

polybutene 

Figure  1.  Splice  encloeure  for  the  PE-P  submarine  cable, 
which  uses  a welding  technique  using  an  electrical 
heating  wire  for  sleeve-cable  jointing. 


Figure  ?.  Heat-shrlnkable  tubing  method  for  sleeve- 
cable  jointing. 


HEATING  TIME  (MIN) 

Figure  I*.  A.  typical  change  In  shrink  force  of  tubing 

Figure  3.  Temperature  Increases  at  the  Interfaces  of  with  Increasing  and  decreasing  temperature.  Two 
jointing  assembly  (Figure  2),  which  was  heated  with  a tubings  (1,6  mm  thick),  which  consist  of  an  irradiated 
propane  torch  by  two  different  operators  (a  and  B).  low-density  PE  and  have  different  shrink  forces  (A,  B) , 

The  thicknesses  of  tape,  tube,  and  adhesive  were  0.2,  were  heated  at  2 — 3’C/mln  of  heating  rate  In  a 

1.6,  and  1,0  mm,  respectively.  circulating  oven. 
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SULFIDE  CAPTURE 

INJECTION  HOLE  LAP  SLEEVE  SEALANT 


HEAT-SHRINKABLE  TUBING  ADHESIVE 


l?ur“  S.  Splice  enclosure  for  the  JF-LAP  submarine 
able,  which  uses  heat-shrinkable  tubing  and  thermo 
lasttc  adhesive  copolymer  for  sleeve-cable  jointly 


Figure  6.  Parts  and  materials  for  enclosing  the  JF-LAP 
Submarine  cable  spllcest  (l)  LAP  sleeve,  (2)  encapsu- 
lant . (3)  heat-shrlnkable  tubing,  (A)  heat-shrlnkable 
tape,  (5)  adhesive,  ( t> ) sulfide  capture  sealant. 


POLYETHYLENE  CONTENT  (WT  •/„) 


MELT  INDEX  OF  POLYETHYLENE  (6/10  MIN) 


Figure  7.  Effects  of  blended  polyethylene  content  on 
peel  strength  at  ?0°C  of  Joints  bonded  at  lAO’C  for 
S min  with  ethyl  acrylate  cooolymer  (F.EA-1)  - poly- 
ethylene polymer  blendsi  (O^  PE-1,  (a)  PE-2. 


Figure  8,  Effects  of  melt  Index  of  blended  polyethylene 
on  Peel  strength  at  ?3°C  of  joints  bonded  with  polvmer 
blend  (EEA-l/PE-  P/l)  at  110"C  for  S min. 
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PEEL  STRENGTH  (KG/CM) 


TUBING 


ADHESIVE 


SHEATH 


CROSSHEAD  TRAVEL  (CM) 


A.  HEAT-SHRINKABLE  TUBING  METHOD 


figure  9.  Peel  test  for  evaluating  the  bonding 
reliability  of  cable  sheath — adhesive  Interface 


CROSSHEAD  TRAVEL  (CM) 
B.  HEATING  WIRE  METHOD 


Figure  10.  Typical  autographic  load  curves  of  peeling 
of  bonds  orepared  by  the  heat-shrinkable  tubing  method 
(a)  and  of  velds  prepared  by  the  heating  wire  method  (B) 


IMMERSION  TIME  (MONTH) 


Figure  11.  Peel  strength  vs.  Immersion  time.  The  cut-off 
specimen  (Figure  9)  was  Immersed  in  a sodium  chloride 
aaueous  solution  of  7.?  * at  hO°C,  and  the  peel  strength 
at  23*C  mas  measured. 


Figure  12.  Kink  test  of  enclosure 


IHIELD  BONDING  CONNECTORS 
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Every  time  a new  cable  housing  is  installed  for  a 
subscriber  connecti  n >.r  splice  the  shield  continuity 
f the  -able  is  disrupted.  This  must  be  reconnected. 
The  continuity  is  re-established  by  using  a shield 
bond  system. 

A shield  bond  system  is  built  using  a bend 
■ .nnect'  r,  wire  harness,  with  or  with.ut  a grounding 
lug.  To  restore  the  shield  connection,  all  parts  of 
the  system  must  be  installed  properly.  This  paper 
deals  mainly  with  the  bond  c nnectors.  Considerations 
for  improvements  on  the  wire  harness  and  grounding 
lugs  are  presently  being  thoroughly  studied  by  REA. 

Thr  ugh  the  years  a variety  of  shielding  materials 
have  been  used  in  the  construction  of  polyethylene 
jacket  cables,  but  by  far  the  most  notable  have  been 
copper  and  aluminum.  Copper  of  course  was  the  mo3t 
ideally  suitable  for  this  purpose  due  to  its  out- 
standing electrical  properties,  high  corrosion 
resistance  and  good  mechanical  properties.  Likewise, 
the  electrical  characteristics  of  aluminum,  combined 
with  its  relatively  low  cost,  have  contributed  to  its 
extensive  use  in  cable  shielding. 

To  provide  additional  corrosion  resistance, 
however,  an  ethylene  copolymer  coating  was  applied  to 
the  aluminum  shielding  material.  By  going  one  step 
farther  and  bonding  the  cable  jacket  to  this  coated 
shield,  a number  of  additional  advantages  were 
realized.  Bonding  eliminated  shrinkback  of  the  outer 
jacket  and  most  of  all  improved  the  overall  physical 
strength  of  the  cable. 
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FIGURE  1 


Along  with  all  these  improvements  came  some 
difficulties.  Conventional  shield  bonding  techniques 
required  that  the  shield  and  jacket  be  separated  before 
installing  the  shield  connectors.  The  "controlled" 
bond  between  the  cable  jacket  and  shield  was  very 
difficult  to  control  and,  in  most  instances, 
separating  the  two  ranged  from  difficult  to  almost 
impossible.  To  further  aggravate  the  situation,  the 
soft  aluminum  shield  ruptured  easily  during  the 
separating  as  well  as  the  bonding  process. 

To  resolve  these  bonding  problems  and  provide  a 
more  reliable  method  of  maintaining  shield  continuity, 
it  became  evident  tha'  a new  universal  bonding 
connector  was  needed.  The  adoption  of  a connector 
suitable  for  use  for  all  types  of  shielding  material 
would  ensure  proper  application  of  the  product.  It 
would  also  reduce  initial  construction  cost  as  well 
as  the  maintenance  cost. 

Suggested  design  parameters  and  desirable 
features  which  could  possibly  be  incorporated  into 
the  design  of  a new  connector  included  the  following: 

(1)  Connector  should  be  installed  directly  over 
the  shield  and  jacket  regardless  of  shield  type  to 
avoid  the  need  to  separate  the  shield  from  the  cable 
jacket.  This  feature  would  result  in  a substantial 
reduction  in  installation  time  as  well  as  a physically 
stronger,  more  durable  tab. 

(2)  The  connector  must  maintain  positive 
electrical  contact  with  the  shielding  material 
regardless  of  type.  Once  established,  this  contact 
must  be  maintained,  compensating  for  the  expansion 
and  contraction  of  the  shield/jacket  tab  as  well  as 
any  cold  flow  of  the  jacket  material. 

(3)  The  connector  itself  must  be  mechanically 
strong  to  withstand  normally  encountered  stresses 
(resulting  from  tensional  forces,  vibration,  etc.) 
as  well  as  some  mishandling. 

(4)  Generally,  the  installation  must  be  simple 
and  easy,  eliminating  as  many  variables  as  possible 
to  insure  consistently  reliable  connections. 

(5)  Naturally,  the  connector  itself  must  be 
made  of  a material  which  is  generally  conducive  to 
providing  reliable  electrical  connections  and 
suitable  for  all  types  of  shield  materials. 

(6)  In  addition,  the  connector  should  be 
capable  of  meeting  the  electrical  and  mechanical 
requirements  outlined  in  REA  Specification  PE-33. 

DISCUSSION 

Shield  continuity  must  be  maintained  throughout 
a telephone  system.  Good  continuous  cable  shields 
are  necessary  to  minimize  problems  with  power 
induced  noise,  lightning  and  electrical  system 
fault  currents.  One  purpose  of  the  shield  is  to 


effectively  reduce  the  magnitude  of  harmonic 
frequencies  of  the  fundamental  power  frequency  that 
appear  in  the  voice  frequency  band  and  are  induced 
longitudinally  on  the  cable  conductors.  A simple 
illustration  of  the  effect  of  shielding  is  shown  in 
Figure  2. 
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FIGURE  2 

Unbalance  currents  (Ip)  in  the  power  system 
induce  voltage  in  both  the  shield  and  conductors  of 
a communication  cable.  The  conductor  has  a low 
impedance  to  ground  at  the  office  through  the  relay 
windings  and  a higher  impedance  at  the  subscriber 
location.  A longitudinal  current  (Ipt)  will  thus  flow 
on  the  conductor.  When  the  shield  is  grounded  at 
both  ends  a current  (l3)  will  flow  through  the  low 
shield  resistance  and  a magnetic  field  will  be  set  up 
around  the  shield.  Due  to  its  close  proximity  to  the 
cable  conductors  a voltage  will  be  induced  in  the 
conductors  in  opposition  to  that  induced  by  the  power 
line.  Its  magnitude  will  depend  on  shield  resistance, 
shield  bond  resistance  and  the  ground  resistance. 

This  voltage  produces  a current  (1st)  on  the  conductor. 
The  residual  current  (It)  still  flowing  on  the 
conductor  will  be  the  difference  between  the  current 
(ipt.)  and  (1st).  In  practice  perfect  shielding  will 
seldom  occur  but  the  reductions  achieved  by  adequate 
shields  and  shield  continuity  result  in  noise  levels 
that  are  satisfactory  for  most  situations. 

Cable  shielding  for  lightning  induced  currents 
operate  in  the  same  way  as  noise  currents  except  that 
the  magnitude  of  currents  is  much  higher  and  t.he 
function  of  the  shield  is  to  minimize  dielectric 
voltage  differences  between  cable  conductors  and  the 
shield  rather  than  noise  voltages. 

Reduction  in  voltages  from  these  sources  not  only 
protects  the  cable  conductors  from  failures  but  assists 
in  protection  of  equipment  such  as  carrier  repeaters 
connected  to  the  cable  circuits. 

Shield  grounds  are  obtained  at  the  subscriber's 
premises  by  tying  into  the  multi-grounded  neutral  of 
the  power  system.  These  are  the  best  grounds 
obtainable.  On  the  average  there  are  about  four 
subscribers  per  mile.  With  such  subscriber  density, 
under  normal  circumstances  it  is  not  necessary  to 
use  auxiliary  grounds  at  the  pedestal. 


A good  bond  connection  to  the  shielu  means  no 
contact  resistance  between  the  shield  and  the 
connector.  While  in  practice  it  is  impossible  to 
obtain  such  a connection,  there  are  connectors  on  the 
market  which  have  very  low  contact  resistance  when 
installed  properly.  (Values  in  the  order  of  10“A 
ohms  or  below) . 

When  the  contact  resistance  of  the  connection 
increases,  there  is  a large  amount  of  heat  produced 
when  large  currents  pas3  through  the  connector.  One 
source  of  the  large  currents  a shield  conducts  is 
due  to  lightning  induced  voltages.  The  voltages 
which  are  large  in  amplitude  and  of  short  duration 
induce  large  currents  on  a cable  shield  and  can 
cause  dielectric  failures  in  the  cable.  If  the 
shield  b nd  connector  has  a high  contact  resistance, 
the  high  current  can  cause  a hot  spot  anu  burn  open 
the  shield  at  this  point.  Likewise  power  system 
fault  currents  can  induce  high  voltages  with 
resulting  large  currents  on  cable  shields.  These 
tend  to  be  of  longer  durati  n than  lightning  surges 
so  that  hot  spots  from  high  resistance  shield  bond 
contacts  can  be  a problem  under  these  circumstances. 

Any  design  of  shield  bond  connectors  that  meet 
all  of  the  requirements  outlined  above,  require 
proper  installation  to  be  effective.  Experience 
has  indicated  that  there  is  a great  deal  of 
misapplication  of  bond  connectors  in  the  field. 

Improperly  installed  bonding  connectors  are  not 
an  isolated  problem  related  to  one  or  two  telephone 
companies.  This  is  a universal  problem  throughout 
the  country. 

Laboratory  Data 

REA  Specification  I'E-33,  "Cable  Shield  Bonding 
Connectors"  requires  the  following  tests  which  a 
bonding  connector  must  pass  before  it  is  considered 
acceptable  by  REA: 

1 . Initial  Vibration 

2.  Temperature  Cycling 

3.  Heat  Aging 

4.  Current  Cycling 

5.  Hydrogen  Sulfide  Exposure 

6.  Final  Vibration 

7 . F ault  Current 

Of  the  above  tests  the  most  significant  are 
the  Temperature  Cycling  and  Heat  Aging. 

Temperature  Cycling 

The  environmental  cycle  is: 

Temperature  Cycle  Number  of 

Cycle  (°C) Hours Cycles 

-40°to60°to-40°  4 50 


Measurements  of  the  millivolt  drop  across  the 
bonding  connectors  were  made  at  the  beginning  of 
the  first  cycle  and  at  the  completion  of  the  50th 
cycle.  The  measurements  were  made  while  a 3 
ampere  direct  current  was  passing  through  the 


bonding  connector.  It  is  realized  that  noise  current 
shielding  requires  far  lower  currents  than  the  3 

erv.J,  i.e.,  100  Ma.  revisions  in  iv.A  Specif  ication 
PE-33  are  being  considered  which  will  involve  mcr#- 
te.  ting  at  lower  current  levels. 

Five  different  sets  of  bonding  connectors  were 
rut  through  the  test  using  cables  with  a coatea 
h i-Uininum  shield.  The  table  below  gives  the  average 
a b set . a :h  b n 1 Lng  s roi<  st  r sel  hai  f ir 
samples.  Only  two  connector  types  were  stable  enough 
t jass  this  test.  (A  change  of  less  than  1 millivolt 
is  onsidered  acceptable;. 

B riding  Precycling  Postcycling  Change 

. meet  r Millivolts  Millivolts Mllliv  .-Its 


cycling 

.livoits 

Postcycling 

Millivolts 

Change 
Mllliv  .1- 

2,77 

35.20 

32.43 

2.21 

52.73 

50.52 

1 .90 

2.00 

0.10 

2.03 

7.92 

5.94 

7.20 

0.36 

1"  cable  diameter 

3onding  connector  "E"  was  then  placed  in  the 
Tern:  ••rnture  Cycle  test  using  c ated  aluminum,  copper 
and  • ated  aluminum  plus  steel  shielded  cable.1* 

Consists  of  two  independent  shields  - 8 mil 
coated  six  mils  terae  plated  steel. 


Shield* 

Tyre 

Precy Icing 
Millivolts 

Fostcycling 

Millivolts 

Change 

Millivolts 

.005" 

copper 

2.23 

2.24 

0.21 

.008” 

coated 

aluminum 

2.38 

0.17 

coated 
i i urn. -steel 

10.39 

10.55 

0.16 

1.125"  cable  diameter 

Even  though  all  samples  passed,  there  is  a 
significantly  higher  magnitude  of  voltage  when  coated 
aluminum-steel  shields  are  used.  This  indicates  a 
p-  rer  contact  but  it  is  still  stable  with  only  0.16 
millivolt  change. 

Heat  Aging 

Bonding  connecter  "E"  was  then  put  through  the 
Heat  Aging  test  under  the  following  conditions: 


Aging  Temperature 


Duration  (Hours) 
24 


The  voltage  drop  across  the  bonding  connector 
with  a constant  of  3 amperes  direct  current  was 
measured  before  and  after  the  cycle. 

The  bonding  connector  passed  when  used  with  the 
shield  types  investigated  and  again  the  millivolt 
magnitude  of  the  connection  coated  aluminum-steel  was 
about  five  times  the  copper  or  coated  aluminum. 


Shie Id* 
Typ»-  ... 

Freaging 

Millivolts 

Post  Aging 
Miiliv  its 

Change 
Miiliv  . 

• • 
copper 

2.43 

2.46 

0.03 

. a 

coated 

aluminum 

2.55 

2.56 

0.01 

coated 
alum. - 
steel 

1C.  55 

10.55 

0.0 

*1 .125"  cable  diameter 

rielc  ir  bi-ms 

During  the  past  year  we  have  heard  considerable 
riticism  regarding  bending  connectors  both  for  shield 
bonding  and  grounding  connections  within  the  housings. 
Field  studies  have  shown  that  most  of  the  shield 
bonding  problems  are  not  caused  by  the  connectors 
themselves  but  by  the  improvisations  of  the  crafts- 
persen  in  attaching  the  bonding  wire  to  the  shields. 

For  example,  in  some  cases,  we  feuna  that  the 
craftsperson  merely  punched  two  holes  in  the  shield 
and  wove  the  wire  through  the  two  holes.  In  other 
cases  the  wire  was  forced  through  a single  hole,  bent 
back  on  itself  and  crimped  as  a fishhook  on  both 
copper  and  aluminum  shields.  Still  in  another  case 
standard  connectors  were  installed  improperly  not 
following  manufacturer's  recommendations  resulting  in 
poor  joints.  In  our  field  study  we  found  approximately 
23  methods  of  incorrectly  attaching  the  bonding  wire 
to  the  shields. 


Field  Data 

A field  trial  to  measure  the  stability  of 
existing  bonding  connectors  was  arranged  at  a 
telephone  company.  The  trial  was  initiated  by 
taking  a route  that  had  noisy  circuits  and  had  a 
history  of  lightning  outages.  To  insure  that 
properly  installed  bonds  were  made,  all  bonding 
connectors  were  made  by  the  same  telephone  company 
splicer  under  the  supervision  of  the  authors.  Before 
removal,  the  old  bonding  connectors  were  measured 
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and  photographs  taken  of  any  unusual  appearances 
A typical  example  is  shown  in  Figure  4. 


FIGURE 


After  new  bonds  were  installed,  measurements 
were  made.  The  bonding  connections  were  remeasured 
after  six  months. 


Average  Millivolt  Droi 


FIGURE 


Pre-field  trial 
Initial 
6 months 


Noise  measurements  on  this  route  have  shown  a 
marked  improvement. 


Pre 

Installation 
of  New  Bonds 


Post  Typical 

Installation  Readings 
of  Good  Bonds  Indicating 
Good 

Shielding 


The  pre-field  trial  data  shows  a lack  of  j 
bonding  when  compared  with  the  newly  installed 
connectors.  After  the  six  month  period  the 
connectors  remained  stable  electrically. 


Circuit 
Noise  (dB) 


The  field  trial  data  is  separated  for  cables  and 
wires  to  show  that  good  bonds  can  be  obtained 
on  2 and  3 pair  wire  using  standard  bonding  connectors, 


Power 

Influence 


Since  the  field  trial  has  begun  there  have  been 
no  subscriber  complaints  or  lightning  outages. 


Overall  data  from  the  telco  has  shown  a trouble 
index  reduction  from  8.5  per  100  subscribers  to  7.0 
for  the  same  period  this  year.  The  telephone 
company  began  an  overall  rehabilitation  of  all 
pedestals  in  the  fall  of  1975  and  since  that  time 
there  has  been  a steady  decrease  in  the  trouble 
index. 


In  fact  telephone  company  personnel  have  said  that 
the  1976  lightning  season  has  been  the  most  severe 
ever  but  the  outages  due  to  lightning  strikes  were  at 
the  lowest  level  ever.  There  have  been  no  carrier 
circuits  out  due  to  lightning  hits  since  the  pedestal 
rehabilitation  began. 


Maintenance  required  for  service  restoral  is 
costly  not  only  from  a labor  standpoint,  but  causes 
poor  customer  relations.  Preventive  maintenance 
creates  good  will  with  customers  by  improving 
service  and  because  it  is  a planned  maintenance,  it 
eliminates  excess  labor  costs  for  overtime  payments 
and  emergency  crews. 
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Conclusions  b Recommendations 

As  the  results  of  our  field  study  indicate,  we 
believe  that  the  average  craftsperson  has  no  idea  of 
the  importance  of  proper  bonding  of  cable  shields. 

It  also  appears  from  our  field  evaluation  of  many 
sample  bonding  connectors  that  they  have  no  concept 
of  what  is  considered  an  acceptable  shield  connection. 
We  therefore  recommend  that  an  extensive  educational 
program  be  initiated  to  acquaint  the  craftsperson 
with  fundamentals  of  making  proper  shield  connections 
and  determining  the  adequacy  of  the  connections 
through  test  methods. 

We  also  recommend  that  each  telephone  company 
test  their  bonding  system  and  rehabilitate  the  entire 
bonding  system  if  necessary.  We  believe  the  expense 
of  rehabilitating  the  bonding  system  will  more  than 
pay  for  itself  in  the  long  run. 
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ENVIRONMENTAL  EFFECT  OF  TELEPHONE  FACILITIES 


Malcolm  N.  Evans 
Southern  New  England  Telephone 
New  Haven,  Connecticut 


Summary 

Telecommunications  facilities,  in  particular 
telephone  facilities,  have  been  with  us  now 
for  about  one  hundred  years.  The  most  pre- 
valent form  of  these  facilities  is  pairs  of 
wire.  Through  the  years  steel  then  copper 
have  been  the  most  popular  conductors.  Re- 
cently some  aluminum  has  been  used,  but  it  has 
not  been  a popular  alternative  /for  a variety 
of  reasons.  These  conductors  have  been  strung 
between  poles,  placed  in  underground  conduits 
or  buried  directly  in  the  ground  both  as  in- 
dividual pairs  of  conductors  or  bundled  into 
cables.  The  networks  that  have  evolved  allow 
for  a physical  metallic  connection  between  any 
two  telephone  customers  in  the  world.  Indica- 
tions for  the  future  are  that  the  network  will 
continue  to  expand  as  newer  and 
wider  service  offerings  are  developed.  In 
keeping  with  most  conveniences  enjoyed  by  mod- 
ern man,  little  concern  has  been  shown  in  the 
past  with  regard  to  the  impact  of  providing 
these  telecommunications  facilities  on  the  en- 
vironment. This  paper  will  attempt  to  point 
out  some  of  the  possible  effects  and  suggest 
directions  which  should  tend  to  reduce  the 
detrimental  impact  and  insure  the  continued 
availability  of  high  quality  communications  to 
the  individual  citizen. 

Visual  Pollution 

The  most  obvious  and  immediate  environmental 
effect  is  the  one  we  see,  feel  or  hear.  Tele- 
communications facilities,  described  in  the 
1969  National  Environmental  Policy  Act  as 
"Underground  cable  or  waveguide  routes,  and 
aerial  transmission  lines,  for  Long  Distance 
Telecommunication,  . . affect  what  we  see. 

The  Federal  Communications  Commission  has 
effectively  limited  the  impact  considerations 
to  possible  visual  pollution  by  referencing" 

the  visual  or  aesthetic  impact  of  (commun- 
ications facilities)  as  their  primary  environ- 
mental affect.  In  most  cases  indeed,  if  aes- 
thetics were  not  a factor,  we  doubt  very  much 
that  routine  environmental  input  and  process- 
ing would  be  justified."  This  may  be  a short 
sighted  statement  and  will  be  treated  as  such 
in  a later  section  of  this  paper.  For  the  mo- 
ment the  aesthetic  impact  will  be  considered. 

We  must  first  accept  the  fact  that  wire  com- 
munications are  a part  of  our  way  of  life. 

With  today’s  technology  the  only  economical 
way  to  provide  large  percentages  of  the  pop- 
ulation with  telephone  service  is  to  provide 
an  electrical  path  from  a local  switching  cent- 
er to  each  customer.  The  earliest  telephone 
systems  utilized  a pair  of  wires  along  a street 
onto  which  were  bridged  several  individual  cus- 
tomer’s lines.  As  a result  the  connection 
from  customer  to  switching  center  was  a shared 
facility  and  provided  party  lines.  The  wires 
to  provide  this  service  were  almost  entirely 


run  along  lines  of  poles,  also  utilized  to  pro- 
vide electric  service. 

As  the  requests  for  telephone  service  grew, 
and  party  lines  became  more  and  more  unusable, 
additional  wires  were  run  along  the  same  poles. 
This  quickly  led  to  unsightly  and  unservicable 
conditions.  The  introduction  of  covered  copp- 
er wire  permitted  the  use  of  telephone  cables 
as  opposed  to  open  wire.  Large  scale  intro- 
duction of  cables  generally  occurred  in  con- 
junction with  the  introduction  of  rotary  dial 
telephone  service.  Utility  poles  that  former- 
ly contained  several  cross-arms  with  many 
wires  now  had  a single  cable  connected  direct- 
ly to  the  pole.  The  reduction  in  visual  pol- 
lution was  not  the  goal  of  this  evolution  but 
a result  of  a more  efficient  system. 

We  have  concentrated  on  telephone  facilities 
on  poles  or  aerial  cable.  Telephone  cable  has 
also  been  placed  underground  in  conduit.  Due 
to  the  high  cost  of  this  type  of  construction 
it  has  been  traditionally  used  only  in  high 
density  areas.  That  is,  areas  where  large 
numbers  of  facilities  are  required.  Generally 
speaking,  business  centers  and  heavily  popu- 
lated residential  locations.  The  result  of 
underground  construction  is  aesthetically 
pleasing  - nothing  is  observed  but  an  occas- 
ional manhole  cover.  Once  again,  however,  the 
reduced  visual  pollution  is  a result  of  con- 
struction that  took  place  for  reasons  other 
than  reduction  of  unsightliness.  One  should 
not  get  the  impression  that  the  telephone  in- 
dustry reduces  visual  pollution  by  accident. 
More  recent  trends,  particularly  in  new  sub- 
urban housing  developments,  show  a willingness 
on  the  part  of  telephone  companies  to  absorb 
some  degree  of  economic  penalty  in  order  to 
place  new  cables  underground.  This  can  be 
accomplished  in  residential  areas  when  sub- 
sequent cables  will  not  be  required  by  bury- 
ing the  telephone  cable  directly  in  the  ground. 
In  this  type  of  construction  the  conduit  is 
not  placed  and  the  cost  is  reduced. 

Increasing  use  of  electronic  devices  also 
has  consequences  in  visual  pollution.  Recent 
innovations,  which  will  be  discussed  in  more 
detail  in  a later  section,  reduce  the  need  to 
place  additional  cable  sheaths  by  allowing 
existing  cable  pairs  to  provide  more  customer 
connections.  While  reducing  the  unsightly 
additions  to  aerial  cable  runs,  electronic  de- 
vices require  housings  for  the  equipment  some- 
where near  the  customer's  location.  Although 
these  housings  are  being  reduce!  in  size 
through  technological  advances  in  electronics, 
they  are  of  a size  that  can  be  considered 
visually  detrimental.  The  solution  has  been 
to  camouflage  the  housings  either  by  screening 
with  shrubbery,  fencing  or  even  simple  paint- 
ing. 
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The  factor  that  most  often  results  In  visual 
pollution  is  the  cost  of  constructing  "out 
of  sight"  facilities.  Since  the  telephone 
company  is  responsible  for  funding  the  con- 
struction of  distribution  facilities,  and  this 
funding  ultimately  comes  from  the  customer, 
tight  budgetary  constraints  are  maintained  on 
construction  expenditures.  Since  it  is  so 
very  difficult  to  assign  dollar  value  to 
aesthetics  it  is  little  wonder  that  reduction 
of  visual  pollution  more  often  becomes  a re- 
sult of  meeting  other  requirements  rather 
than  the  cause  for  higher  cost  facilities. 

Impact  on  Natural  Resources 

Poles 

Standing  across  the  United  States  today 
there  are  perhaps  100  million  wood  poles  sup- 
porting telephone  and  electric  service  wires 
and  cables.  These  poles  are  supplied  to  the 
telephone  industry  ready  to  be  placed  into 
service.  This  makes  the  industry  highly  re- 
liant on  the  pole  suppliers  to  maintain  ade- 
quate forest  areas  for  harvesting  the  trees 
to  be  used  as  poles.  This  large  scale  use  of 
a natural  resource  has  prompted  much  conser- 
vation effort  by  the  wood  industry. 

Wooden  poles,  exposed  to  the  elements  and 
in  constant  contact  with  the  ground,  are  all 
subject  to  rot  and  insect  attack.  This 
potential  destruction  is  held  at  bay  through 
the  techniques  of  wood  preservation.  Very 
simply  stated,  wood  preservation  involved  im- 
pregnating dried  lumber  with  hop  preservatives 
under  pressure.  This  procedure  enables  a pole 
to  remain  in  use  for  periods  averaging  thirty 
years.  This  generally  exceeds  the  length  of 
time  required  for  a new  tree  to  grow.  Inte- 
grating these  preservation  techniques  along 
with  good  forestry  techniques  has  led  to  the 
present  situation  in  which  more  trees  are  be- 
ing grown  than  removed.  As  a result,  wood 
utility  poles,  which  represent  about  one 
quarter  of  the  treated  wood  market,  are  in 
good  supply  at  low  cost.  The  installed  cost 
of  a utility  pole  ranges  between  one  hundred 
and  two  hundred  dollars.  If  the  pole  is  in 
joint  use  by  two  or  more  utilities  this  cost 
is  distributed  accordingly.  Since  each  pole 
can  support  about  one  hundred  and  fifty  sheath 
feet  of  cable  the  cost  of  this  aerial  cable 
construction  is  hard  to  beat. 

This,  of  course,  leads  us  back  to  the  first 
topic  covered  in  this  paper  - Visual  Pollution. 
To  minimize  visual  pollution  a structure  cap- 
able of  supporting  communications  facilities 
must  compete  economically  with  poles  and 
aerial  construction.  To  get  telephone  cables 
out  of  sight  they  are  placed  in  the  ground. 
Under  ideal  conditions  the  cost  of  150  feet 
of  trench  may  be  about  double  the  cost 
of  a single  pole.  Reduced  maintenance  and 
extended  life  of  the  cable  once  it  is  in  the 
ground  tend  to  reduce  the  recurring  costs, 
however,  it  is  seldom  more  economic  to  bury 
the  cable.  The  cost  problem  is  often  aggra- 
vated by  roadway  or  development  contractors’ 
time  schedules  that  ignore  the  needs  of  the 
utilities.  Rather  than  coordinating  construc- 
tion efforts  the  telephone  utilities  are  left 
to  construct  their  facilities  over,  under  and 
around  the  other  facilities.  Again  the  re- 


sulting decision  is  between  cost  and  visual 
pollution  - a real  versus  an  aesthetic  value. 

Copper 

While  visual  pollution  is  an  intangible  ef- 
fect on  our  environment,  viewed  differently 
by  various  individuals,  some  effects  of  build- 
ing and  maintaining  a telephone  network  are 
measurable  and  irreversible.  Use  of  natural 
resources  that  are  not  regenerated  has  to  be 
controlled  by  responsible  users.  The  tele- 
phone industry  uses  the  world's  copper  re- 
sources at  a very  high  rate.  Copper  provides 
the  most  satisfactory  medium  over  which  tele- 
phone messages  can  be  transmitted.  The  world- 
wide telephone  networks  are  probably  the  lar- 
gest users  of  the  dwindling  copper  reserves. 

It  has  been  estimated  that  the  Bell  System 
alone  uses  one  ninth  of  the  worlds  copper  pro- 
duction annually.  Projections  made  in  the 
early  1970's  by  the  Club  of  Rome  in  "Limits 
of  Growth"  indicate  that  the  world's  copper 
resources  may  be  exhausted  as  soon  as  1991 
(see  figure  1).  While  this  may  be  a pessi- 
mistic view,  nonetheless  copper  is  a limited 
resource  that  is  being  rapidly  used  up. 

Southern  New  England  Telephone  serves  approx- 
imately 1.3  million  customers  in  a primarily 
suburban  environment.  The  exchange  cable  we 
placed  in  1974  equated  to  2,655  tons  of  copper. 
Reviewing  the  placements  we  found  that  about 
94%  of  the  growth  requirements  were  served  by 
slightly  more  than  1,400  tons  of  copper.  This 
means  that  almost  half  of  our  copper  usage 
serves  only  6%  of  our  facilities  requirement. 
(See  figure  2).  We  have  no  reason  to  believe 
that  this  was  an  unusual  year,  nor  do  we  feel 
that  our  usage  differs  greatly  from  that  of 
other  operating  companies  in  a similar  environ- 
ment . 

Recent  developments  in  the  field  of  elec- 
tronics have  the  potential  of  greatly  affect- 
ing the  existing  telephone  networks.  Riding 
on  the  shirttails  of  the  computer  and  aero- 
space technologies,  "Loop  Electronics”  include 
devices  that  can  increase  the  resistance  de- 
sign limit  or  reduce  the  number  of  wire  pairs 
required  to  provide  facilities  to  the  customers. 
These  devices  are  referred  to  as  range  extend- 
ers and  pair  gain  devices  respectively.  Pro- 
jected cost  trends  indicate  that  the  cost  of 
electronic  devices  will  be  coming  down,  while 
the  material  and  labor  costs  associated  with 
placing  cable  will  continue  to  rise.  Increas- 
ed use  of  electronics  in  the  local  network 
will  result  in  greatly  reduced  need  for  copp- 
er. A proposed  design  change  that  may  be 
economical  before  the  1980 's  would  utilize 
electronic  devices  and  only  fine  gauge  cable 
to  serve  the  entire  local  network  (See  figure 
3).  If  adopted,  this  design  could  reduce  the 
copper  use  by  as  much  as  75%.  Environmental 
considerations  are  a prime  factor  in  the 
attempt  to  start  implementation  of  this  plan. 

Underground  Construction 

This  paper  repeatedly  refers  to  underground 
or  buried  cable  as  the  solution  to  the  pro- 
blem of  visual  pollution.  Perhaps  this  is  so, 
but  then  again  perhaps  this  just  ignores  one 
problem  and  aggravates  another.  Space  in 
public  rights  of  way  is  very  limited.  In 
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urban  areas  where  heavy  business  or  resident- 
ial occupation  is  jccuring,  construct  ion  of 
underground  facilities  is  extremely  difficult 
almost  to  the  point  of  being  impossible.  The 
increased  ilfficulties  are  reflected  in  the 
costs  associated  with  constructing  underground 
conduit.  It  is  possible  for  costs  of  conduit 
to  run  in  excess  of  $1,000  per  duct  for  the 
same  150  feet  the  $200  pole  supported. 

Many  telephone  companies  have  adopted  pol- 
ici--  limiting  the  number  of  cable  sheaths  on 
a pole  line.  Usually  this  limit  is  three  to 
live  sheaths.  Beyond  that  point,  regardless 
'he  cost  the  conduit  must  be  constructed. 

The  subsequent  engineering  is  concerned  with 
minimizing  the  cost  of  the  construction. 

This  presents  a tremendous  challenge  to  find 
space  for  a conduit  structure  that  may  mea- 
sure three  feet  square  in  cross  section,  plus 
occasional  manholes  measuring  at  least  10'  x 
5'  x T . 

Once  again  the  salvation  to  these  problems 
may  be  In  the  wider  application  of  electronic 
systems  that  minimize  the  need  for  providing 
additional  numbers  of  cable  pairs.  In  cases 
where  conduit  does  not  exist,  the  aerial  cable 
pairs  can  be  used  to  support  pair  gain  systems 
that  may  eliminate  the  need  for  additional 
cable  and  as  a result  eliminate  the  need  for 
conduit.  In  areas  where  conduit  does  exist 
electronics  can  be  applied  to  allow  the  use 
of  finer  wire.  This  in  turn  permits  many 
more  pairs  of  wire  to  be  placed  in  each  under- 
ground duct,  making  them  more  efficient. 
Additional  electronic  applications  using  pair 
gain  systems  would  eliminate  or  defer  the  need 
to  construct  additional  underground  structure 
when  all  existing  ducts  are  filled  with  cables. 


mined  from  the  growth  projections  for  that 
particular  area.  As  facilities  are  required 
in  a specific  distribution  cable  those  pairs 
can  be  connected  to  the  feeder  pairs,  and  sub- 
sequently, to  the  switching  center.  As  a 
community  develops  the  placing  and  connecting 
of  cable  pairs  increases  in  complexity.  Many 
schemes  have  been  applied,  with  varying  de- 
grees of  success,  for  the  best  combination  of 
flexibility  and  cost.  The  most  satisfactory 
planning  has  evolved  around  the  physical  sep- 
aration of  feeder  and  distribution  cables, 
together  with  economic  analysis  based  on 
growth  projections  for  the  timing  and  sizing 
of  feeder  cables. 

Plans  are  developed  for  the  continued  devel- 
opment of  local  networks  based  on  present 
cable  design  and  then  amended  for  the  economic 
application  of  electronics.  The  economic 
selection  is  then  designed  for  the  most  aes- 
thetic, buildable  plan  that  is  feasible.  Hope- 
fully, the  network  is  designed  to  be  adaptable 
to  new  innovations  in  exchange  network  facili- 
ties. 

Future  Trends 

Telephone  service  in  the  United  States  to- 
day reaches  more  than  90%  of  the  households. 
The  expansion  of  the  telephone  network  that 
was  seen  in  the  past  has,  for  all  practical 
purposes,  passed  its  peak.  Present  day  con- 
struction of  local  network  facilities  are 
more  often  for  modernization  or  extensions  in- 
to newly  developed  areas.  There  is  much  more 
concern  with  the  appearance  of  the  facilities. 
Many  proposals  have  been  put  forward  for  eval- 
uation with  the  intention  of  reducing  harm  to 
our  environment. 


Planning  Techniques 


Planning  for  the  provision  of  telephone 
facilities  is  somewhat  unique.  Since  a cable 
pair  is  required  for  each  individual  service 
and  facilities  are  expected  to  be  available 
when  a new  customer  requests  service,  tele- 
phone cable  is  sized  on  the  basis  of  project- 
ed growth.  A statement  such  as  that  may  lead 
some  people  to  think  that  telephone  companies 
invest  large  sums  of  capital  on  the  basis  of 
guesses.  This,  of  course,  is  not  quite  so. 
Growth  projections  are  based  on  careful  eval- 
uation of  zoning,  population  movements, 
economic  trends,  as  well  as  observations  from 
realtors,  developers,  bankers  and  much  more. 

The  growth  projections  that  have  been  develop- 
ed have  been  highly  accurate  on  a town  by  town 
basis,  however,  as  the  area  becomes  smaller 
the  possibility  for  error  becomes  greater. 

For  this  reason  telephone  planners  have  sepa- 
rated the  local  exchange  network  into  two 
parts.  First  is  the  distribution  portions, 
the  cable  which  extends  down  the  side  streets 
ro  provide  a link  from  a customer  to  the  feed- 
er cable.  The  feeder  cable  generally  runs 
from  the  switching  center  along  major  routes 
to  serve  entire  sections  of  a town  or  city. 

The  distribution  cable  is  fairly  short  in 
length,  therefore  it  is  economic  to  place  cable 
made  up  of  enough  pairs  to  serve  the  ultimate 
number  of  customers.  These  cable  pairs  are 
not  necessarily  connected  to  feeder  cable 
pairs.  Since  the  feeder  cable  is  common  to 
nany  distribution  cables  its  size  can  be  deter- 


One such  proposal  points  up  many  of  the  con- 
siderations that  must  be  allowed  for  in  deal- 
ing with  reducing  environmental  effects  of 
utilities.  Utility  corridors  have  been  pro- 
posed to  bring  together  in  a common  right  of 
way  such  things  as  electrical  transmission 
lines,  railroad,  interstate  highway,  long  haul 
telephone,  pipeline  and  other  overland  utility 
routes.  The  first  problem  that  arises  with 
such  a proposal  is  waste  to  some  utilities. 
Rail  lines  and  highways  have  maximum  grade 
limitations  which  often  force  circuitous  rout- 
ing. Aerial  wires  and  overland  pipelines  are 
not  restricted  and  increased  costs  would  re- 
sult if  these  utilities  were  constructed  to 
conform  to  the  transportation  corridors. 
Another  consideration  is  the  size  of  such  a 
corridor.  Due  to  the  high  level  of  electrical 
inductance  created  by  high  voltages  in  the 
transmission  and  rail  lines  interference  is 
caused  when  telephone  cables  are  run  parallel 
for  any  appreciable  distance. 

High  voltage  induction  also  causes  accelera- 
tion in  the  corrosion  of  underground  pipelines 
in  areas  adjacent  to  the  transmission  lines. 

To  minimize  these  inductive  effects  proper 
spacing  of  each  of  the  utilities  is  a must. 

The  width  of  the  resulting  corridor  is  almost 
800  feet  (see  figure  4)  which  might  be  feasi- 
ble through  the  great  plains,  but  would  rest 
heavy  on  environmentalist  if  it  were  proposed 
through  woodlands.  To  attempt  such  a corri- 
dor through  populated  areas  along  the  east 
coast  would  be  beyond  reality.  It  appears 
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that  each  utility  in  its  own  way  must  work  to 
improve  its  own  environmental  effects.  The 
telephone  industry  is  doing  this  with  in- 
creased use  of  electronics  which  minimizes 
the  need  for  additional  aerial  cable  as  well 
as  reducing  the  amount  of  copper  required  in 
the  cable  that  is  placed.  More  telephone 
facilities  are  being  placed  underground  even 
when  the  economics  of  such  construction  is 
marginal  or  involves  minor  penalties  to  the 
telephone  company.  As  the  technology  evolves 
more  and  more  services  through  the  telephone 
network  the  considerations  of  environmental 
effects  will  play  an  ever  more  important  role. 

Conclusion 

The  environmental  effects  of  telephone 
facilities  have  been  previously  defined  as 
aesthetic  only.  While  this  is  probably  the 
most  obvious  effect,  there  are  indications 
that  more  concern  should  be  shown  with  regards 
to  the  use  up  of  natural  resources. 

The  technological  evolution  of  the  telephone 
network  has  resulted  in  reduction  of  visual 
pollution.  While  it  has  not  been  a primary 
concern  in  the  past , the  appearance  of  local 
facilities  is  gaining  in  importance  as  a con- 
sideration. The  state  of  the  art  today  as 
well  as  the  indications  for  the  future  indi- 
cate increasing  use  of  electronics  and 
decreasing  demands  for  copper  by  the  industry. 
It  is  conceivable  that  in  twenty  years  local 
telephone  facilities  may  be  provided  with  no 
copper  cable  whatever . The  future  network  is 
envisioned  with  fiber  optic  feeder  facilities 
and  microwave  radio  links  distributing  to  the 
customers  premises. 

The  future  environmental  considerations  will 
center  around  the  placing  of  cabinets  in  the 
neighborhood  environment.  Camouflaging  seems 
to  be  a temporary  solution,  but  is  the  most 
satisfactory  solution  to  date.  There  is  a 
general  trend  toward  more  underground  tele- 
phone cable.  This  is  very  often  occurring 
on  a replacement  basis  when  aerial  cables  are 
removed  and  new  cable  is  placed  in  the  ground. 
However,  the  high  cost  of  this  type  of  opera- 
tion precludes  large  scale  operations  to  elim- 
inate above  ground  cables. 


Mr.  Evans  came  to  Southern  New  England  Tele- 
phone in  1969  as  an  Outside  Plant  Engineer. 
Four  years  later  he  moved  to  corporate  long 
range  planning  for  local  exchange  facilities. 
He  currently  has  these  responsibilities  with 
the  title  of  Senior  Engineer  - Long  Range 
Plans.  Mr.  Evans  holds  an  A.A.S.  degree  in 
Electro  - Mechanical  Engineering  and  a B.S. 
in  Civil  Engineering. 


By  its  very  nature  the  telephone,  and  the  net- 
work that  links  the  telephones  to  one  another, 
reaches  into  virtually  every  household.  Limit- 
ing the  effects  to  visual  impact  equally 
shared  by  all  the  users  is  the  most  reasonable 
approach  to  expect.  The  minimization  of  this 
impact  then  follows  based  on  response  and 
willingness  of  the  users  to  bear  the  burden 
of  expense  involved  in  reducing  any  visual 
pollution . 
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SUMMARY 

The  hardening  of  electronic  systems,  connected  to  long  lines, 
against  transient  electromagnetic  environments  (EMP  and  light- 
ning) is  a highlight  of  today's  technology.  The  cable-induced 
and  conducted  transient  stresses  are  imposing  strong  demands  on 
the  input/output  electronics,  particularly  with  recent  IC  de- 
signs. Since  line  equipment  is  also  subjected  to  operational 
transients,  the  author  combines  the  impact  of  the  environmental 
and  operational  stresses  to  design  interface  protections  of  low- 
cost  and  low-insertion  impact.  The  most  current  cable  designs 
are  used  to  exemplify  the  design.  Current  transient  capabilities 
are  stated  quantitatively. 


INTRODUCTION 

Transient  electromagnetic  environments 
impose  heavy  stresses  on  current  electronic 
systems.  These  stresses  are  produced  when 
the  environment  is  coupled  through  the  equip- 
ment shelter,  rack  and  black  box  wall,  direct- 
ly in  the  circuits,  or,  more  commonly  and  more 
severely,  through  the  cabling  connected  to  the 
electronic  system.  It  is  these  heavy  cur- 
rents coupled  in  the  cable  that  usually  are 
the  cause  of  cable  damage  and/or  electronic 
curcuitry  damage.  This  paper  describes  the 
approaches  used  successfully  by  the  author 
to  protect  the  electronic  circuits  connected 
to  long  cables  from  the  EMP  (nuclear  burst 
induced  electromagnetic  pulse)  and  the 
lightning  stresses. 

Since  the  cable  configurations  used  in 
communication  systems  are  realistically  rep- 
resented by  the  two  types,  i.e.,  coaxial 
cables  and  multipair  cables,  it  is  expected 
that  the  design  principles  exemplified  will 
be  of  direct  application  to  the  reader.  We 
remind  the  reader  that  final  testing  of  his 
configurations  under  simulated  stresses  is 
a must  since  present  electronic  systems  of- 
fer unthoughtof  paths  of  entry  which  are 
sometimes  the  source  of  extraordinary  system 
weakness,  e.g.,  transformer  capacitance, 
semiconductor  capacitance,  and  protection 
lead  inductances. 


THE  ENVIRONMENTS 

Military  and  civilian  systems  rely  on 
high  wire  density  or  high  data  density  cables 
to  transfer  the  ever  increasing  communication 
traffic  volume.  The  loss  of  the  terminal 
circuit  functions,  or  of  the  cable,  has  severe 
repercussions  on  the  operations  controlled, 
managed,  or  monitored  by  these  communication 
lines.  Moreover,  the  temporary  loss  of 


transmission  can  delay  the  encrypted  or  coded 
messages  much  longer  than  it  takes  to  switch 
to  alternate  links  because  of  synchronization 
or  algorithm  requirements. 

Hence,  the  importance  of  maintaining 
continuity  of  the  communication  functions  has 
spurred  tight  requirements  on  the  hardening 
against  EMP  and  lightning  stresses  of  the 
related  components  and  subsystems.  The  re- 
cently released  (March  1976)  FCC  Rules,  Part 
68,  impose  important  lightning  hardening  re- 
quirements on  civilian  communication  systems. 
Similar  requirements  for  EMP  are  now  enforced 
on  all  military  cable  communication  systems 
under  classified  specification  requirements 
defined  according  to  war  scenarios  determined 
by  operation  analysis  processes.  The  light- 
ning hardening  of  military  systems  is  not  as 
clear  for  ground  systems  due  to  the  lack  of 
threat  definition.  A contractor  has  attempted 
to  link  the  probability  of  hit  that  would  be 
excessive  for  the  system  to  the  system  life- 
time based  on  existing  (Reference  3)  statisti- 
cal lightning  parameters.  This  trend  should 
define  the  lightning  cable  threat  and  be  a 
base  for  standard  threat  definition.  Opera- 
tional transients  due  to  switching,  connecting, 
and  ringing  are  also  imposed  on  the  communica- 
tion systems.  These  transients  are  defined  in 
standards  for  civilian  (FCC,  Part  68)  (Reference 
4)  and  military  systems  (MIL-STD-188-100)  (Ref- 
erence 5)  . 

The  philosophy  of  hardening  discussed 
in  this  paper  is  based  on  the  assumption  that 
all  the  input/output  subsystems  must  be  har- 
dened against  the  operational  transients  as 
required  in  the  procurement  specifications 
and  defined  in  the  FCC  or  MIL  standards. 

The  hardening  against  lightning  and  EMP 
consists  then  of  providing  the  cable  inter- 
faces with  the  system  of  devices  that  bring 
the  lightning  and  EMP  transients  stresses 
below  the  stress  levels  of  the  operational 
transients  (Figure  1.) 
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THE  PROTECTION 


PRIMARY  PROTECTION  BRINGING  THE  LIGHTNING 
AND  NEMP  TRANSIENTS  STRESSES  BELOW  THE 
STRESS  LEVELS  OF  THE  OPERATIONAL 
TRANSIENTS. 

B - SECONDARY  PROTECTION  WHICH 
PROTECTS  THE  I/O  CIRCUITS 
TO  THE  OPERATIONAL 
TRANSIENT  LEVELS. 


ENTRY 

COMPARTMENT 

WALL 


SHELTER  WALL 


Figure  1.  Philosophy 
of  Protection 


THE  COUPLING  OF  COMMUNICATION  LINES  TO 
TRANSIENT  ENVIRONMENTS 

In  military  and  civilian  applications 
two  types  of  cables  are  prevalent:  the  multi- 

pair type  (WM  130  - 26  pairs  cable)  and 
the  multicoaxial  type  (CX  11230  - shielded 
twin-ax  cable) . When  the  cables  are  long 
enough  (longer  than  500  feet) , the  distribu- 
tion of  the  transients  between  the  elements 
of  the  cable  are  not  dependent  on  the  terminal 
impedances  and  each  wire  contributes  to  the 
transient  stress  transfer.  Cable  coupling 
stresses  are  explained  and  calculated  in 
References  1 and  5 for  EMP  and  in  Refer- 
ences 2 and  6 for  lightning.* 

For  typical  ground  systems  consisting  of 
communication  shelters  and  long  communication 
cables,  the  stresses  can  be  enveloped  by  the 
time  history  of  Figure  2.  The  actual  time 
history  varies  according  to  the  authors  but 
the  maximum  amplitudes  are  well  characterized 
by  the  typical  values  given  in  the  figure. 


In  cables  provided  with  several  shields, 
the  bulk  of  the  current  passes  in  the  shields 
and  grounding  of  those  shields  at  the  entry 
panel  bypasses  a large  amount  of  the  coupled 
energy  to  the  ground.  This  limits  the  stress- 
es of  the  protective  circuits.  Typical  of 
this  condition  is  the  circuits  connected  to 
the  military  CX  11230  cables. 


Figure  3 shows  schematically  the  cable 
in  the  grounded  shelter.  The  cable  length 
from  the  entry  compartment  to  the  circuit 
•must  be  long  enough  so  that  the  cable  impe- 
dance is  the  dominant  factor  in  the  impedance 
loading  of  the  entry  compartment  output.  This 
helps  to  avoid  short  term  resonances  (partic- 
ularly in  the  rise  time  of  the  pulse)  which 
-ould  amplify  the  peak  voltage  of  the  stress. 
Generally,  lengths  of  20  feet  are  sufficient. 
In  the  example  illustrated  in  Figure  3 the 
input  is  provided  with  an  EMI  filter**. 


CAPACITOR;  MORE  THAN  10  MICROFARAD.  1000  VOLTS 
D]  DIODE  PROTECTION  (LOW  CAPACITANCEI 

Z2  ZENER  PROTECTION 

FILTER  EMI  - FILTER  PROTECTION 

L MINIMUM  LINE  LENGTH,  GREATER  THAN  20  FEET 

Figure  3.  CX  11230  Interface 
Circuit  Protection 


For  multipair  cables  the  primary  har- 
dening is  illustrated  in  Figure  4 and  consists 
of  balanced  lightning  arrestors  of  low  capa- 
citance (less  than  2 pFd  to  ground  per  side) 
and  of  EMI  filters. 


*Also  consult  corporations  listed  in 
Appendix  to  Chapter  7 of  Reference  1. 


* ‘Note  that  the  shield  of  RG  174  is  grounded 
at  both  ends  inside  the  shelter  where  field 
environments  are  very  small.  This  grounding 
is  unavoidable  because  the  terminal  circuits 
are  grounded  through  the  power  supplies  and 
the  filter  is  grounded  at  the  entry  panel. 


iso 


The  ground  path  is  of  importance,  and  destruction  occurs  from  excess  current  without 

since  very  heavy  current  could  be  carried,  it  damage  to  the  terminating  circuits, 
is  essential  that  the  ground  conductors  do  not 

radiate  in  the  shielded  shelter  area  or  induce  For  the  future,  the  fiber  optic  inter- 

large  differences  in  potential  in  the  circuit  Connections  will  offer  field  induced  protec- 
ground  returns.  Hence,  the  ground  conductor  tion  while  the  subsystems  may  still  be 

shall  be  short,  avoiding  bends  and  shall  be  of  subjected  to  operational  transients  generated 

proper  current  carrying  cross  section  (No.  6 by  adjacent  subsystems, 

minimum,  but  it  is  not  unusual  to  use  No.  2/0 

for  such  application) . The  lightning  arrestors  REFERENCES 

and  the  filters  must  be  designed  to  limit  the 

vestigial  transients  in  the  in-shelter  run  of  1.  EMP  Engineering  and  Design  Principles, 
the  balanced  pairs  below  the  levels  of  opera-  Bell  Telephone  Laboratories,  Whippany, 

tional  transients  specified  in  FCC  Part  68  or  New  Jersey,  (1975). 

MIL-STD-188-100  or  any  other  circuit  inter- 
face standard  chosen  to  design  the  secondary  2.  Bodel,  David  W.,  "Electronic  Surge  Pro- 
protection. tection  Equipment  Characterization  of 

Lightning  Surges  in  Telecommunication 

CONCLUSIONS  Plant,"  Joslyn  Electronic  Systems, 

Goleta,  CA,  (1972). 

The  paper  identified  a philosophy  of 

protection  against  typical  transient  cable  3.  Cianos,  N.  and  Pierce,  E.  T.,  "A  Ground- 

conducted  threats  for  current  communication  Lightning  Environment  for  Engineering 

cables.  The  protection  scheme  takes  advantage  Usage,"  SRI,  Menlo  Park,  CA,  (1972). 

of  existing  operational  standards  imposed  on 

on-line  equipment  and  specifying  the  transient  4.  FCC  Rules  Part  68.  Consolidated  copy 
harder ing  levels  of  their  line  interface.  This  provided  by  Electronic  Industries 

process  offers  the  double  advantage  of  compati-  Association,  Washington,  D.  C. 
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levels  compatible  with  present  standards  and  Standard.  Common  long  haul  and  tactical 

gives  a front  end  protection  against  the  hard  communication  system  technical  standards 
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The  two  step  protection  defined  yields  maximum 
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tary  protection  (field  induced  and  operational) . distribution.  List  and  details  available 
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SUMMARY 

The  placing  characteristics  of  a small,  experimental  optical  cable 
were  established  by  tests  at  Bell  Laboratories  in  C hester.  Tensions 
measured  in  subsequent  pulls  at  the  Atlanta  Laboratory  were  unex- 
pectedly high  and  showed  large  sudden  increases  not  consistent  with 
the  presumed  geometry  of  the  duct  run.  Since  no  direct  means  short 
of  excavation  was  available  to  establish  the  true  configuration,  the 
existence  of  vertical-plane  S bends  adjacent  to  the  manholes  was 
postulated.  The  tension  data  were  fitted  using  nonlinear  least-squares 
procedures,  and  the  assumed  geometry  was  adjusted  to  improve  the 
fit.  The  friction  coefficients  for  the  final  fit  agreed  well  with  the 
Chester  results  and  with  other  measurements  performed  at 
Atlanta.  Elevations  measured  at  the  exposed  ends  of  the  ducts  were 
consistent  with  the  adjusted  geometry.  A satisfactory  interpretation 
of  all  the  data,  based  on  substantial  departures  from  nominal  duct- 
run  geometry,  was  thus  achieved.  Although  this  technique  is  not 
recommended  for  general  use  in  the  field,  it  was  critical  in  this  appli- 
cation because  of  the  importance  ol  the  cable  placing  characteristics 
in  studies  of  potential  system  applications. 

Introduction 

A critical  aspect  of  system  application  studies  for  a small  ex- 
perimental fiber-optic  (FO)  cable*  is  the  length  of  the  cable  that 
can  be  pulled  into  a typical  underground  duct  run  without  excessive 
tension.  Cable  tension  depends  mainly  on  the  configuration  of  the 
duct  run  and  the  friction  coefficient  between  the  cable  and  the  duct 
wall.  Much  effort  has  gone  into  the  experimental  determination  of 
the  cable  friction  coefficient  from  laboratory  tests-  and  from 
measurements  of  winch-line  tension  made  during  trial  installations 
in  duct  runs  of  known  configuration  V 

Figure  1 shows  test  results  for  the  friction  coefficient  between 
the  high-density  polyethylene  (HDPL)  cable  jacket  and  the  duct 
material  plotted  against  average  sliding  speed.  In  the  tests-  performed 
at  the  Murray  Hill  Laboratory,  the  normal  and  frictional  forces  were 
measured  directly.  Fach  of  the  two  left-hand  point*  in  Figure  I is 
the  average  of  three  measurements.  In  the  installation  tests  * con- 
ducted at  the  Chester  Laboratory,  tension  at  the  winch  was  recorded 
continuously  as  the  cable  was  pulled  into  the  duct.  Least-squares 
values  of  the  friction  coefficients  of  both  the  cable  and  winch  line 
with  the  duct  wall  were  fitted  to  the  complete  record  (see  Appendix) 

The  right-hand  point  in  Figure  I represents  the  results  of  8 pulls. 

In  the  installation  tests,  comparatively  short  lengths  (less  than 
500  ft)  of  cable  were  pulled  into  a duct  run  containing  many  bends. 
Subsequent  tests  involving  duct  runs  more  representative  of  field 
installations  were  planned  for  the  underground  duct  facility  at  the 
Atlanta  Laboratory. 

Atlanta  Duct  Facility  and  Cable  Pulling  Arrangements 

Figure  2 shows  the  general  features  and  layout  of  the  Atlanta 
duct  system.  Figure  3 is  a dimensioned  sketch  of  the  system.  Origin- 
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Figure  1.  Cable  Friction  Coeli.  lent  Versus  Sliding  Speed 


ally,  it  was  assumed  that  the  ducts  were  straight  over  their  entire 
length.  The  cable-pulling  results  reported  herein  and  some  investiga- 
tive work  performed  as  a consequence  of  these  results  demonstrated 
that  the  original  assumption  of  straight  ducts  was  incorrect. 

Figure  4 is  a layout  of  the  cable-pulling,  load  measuring,  and 
recording  apparatus  used  at  Atlanta.  A multigroove  dual-sheave 
capstan  provides  the  power  to  pull  the  winch  line  and  cable  through 
the  duct  system.4  The  maximum  rated  pulling  load  for  the  capstan 
in  continuous  duty  is  250  pounds  at  pulling  speeds  up  to  100  ft  min. 
Speed  control  by  the  use  of  the  tachometer  feedback  mode  of  opera- 
tion and  linear  speed  indication  are  also  provided.^  The  load-measuring 
equipment  consists  of  a calibrated  yoke  and  load-cell  assembly- 
through  which  the  winch  line  is  passed  - A load-cell  analog  readout 
and  stripchart  recorder  complete  the  measurement  system 

Preliminary  Results 

A series  of  preliminary  placing  experiments  with  FO  cable 
were  performed  at  Atlanta  to  check  out  techniques  and  equipment. 
Initial  results  indicated  an  excessively  high  winch-line  coefficient 
of  friction.  The  winch  line  used  in  this  experiment  was  a 3/ 16-inch 
nylon-coated  wire  rope.  The  high  friction  coefficient  is  due  to  the 
nylon  coating.  As  a result  of  the  above  observations,  an  uncoated 
1 1 6-inch  7x7  wire  rope  was  used  in  subsequent  FO  cable-placing 
experiments. 

Summary  of  Cable-Placing  I xpenments  at  Atlanta 

Table  I summarizes  the  series  of  experiments  performed  at 
Atlanta.  For  the  last  two  entries  in  this  table,  an  intermediate  cap- 
stan drive  was  used  to  insure  survival  of  all  transmitting  optical 
fibers  after  the  pull  into  the  duct.4 


Figure  2.  BIL  (Atlanta)  Underground  Cable  Conduit  and  Duct  Facility 
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SUMMARY  OF  II  SIS 


Cable 

Sliding 

Tail 

Pull 

Weight 

Speed 

Load 

Number  of 

No. 

(Ib/ft) 

( ft/m  in) 

(lb) 

Replicate  Pulls 

1 

0.051 

10 

4 

i 

0.051 

30 

4 

i 

3 

0.051 

10 

4 

i 

4,5 

0.05 1 

10 

1.8 

s 

6 

0.063 

10 

4 

1 

7 

0.063 

10 

3 

1 

fit  tension  and  with  the  prediction  from  the  Chester  tests.-5  trouble 
some  discrepancies  were  apparent.  If  the  Atlanta  results  were  correct, 
serious  doubts  were  raised  about  the  anticipated  ability  to  place  kilo 
meter  cable  lengths  in  actual  duct  runs,  f igure  5 illustrates  the  dis- 
crepancies observed  on  the  fourth  pull  listed  in  I able  1.  Tension  at 
the  winch  is  recorded  against  the  length  of  cable  in  the  duct.  Line  A 
shows  the  best-fit  theoretical  tension  consistent  with  the  assumed 
geometry  of  the  duct  run  (ducts  straight  and  level).  The  fitted  fric- 
tion coefficients  are  fc  --  1.13  for  the  cable  and  fw  = 0.22  for  the 
winch  line.  In  contrast,  line  B shows  tension  predicted  from  the 
applicable  Chester  tests  (mean  friction  coefficients  fc  = 0.4 1 and 
fw  = 0.47). 


NOTES:  I.  A I / 1 6-inch  7x7  uncoated  wire  rope  (weight  '0.0073 
Ib/ft)  was  used  as  a winch  line  for  all  of  the  above  pulls. 

2.  Cable  outside  diameter  * 0.5  in. 

3.  All  pulls  were  made  without  lubrication 

Resolution  of  Tension  Anoma lies 
Typical  Tension  Record 

When  the  tension  records  obtained  from  pulls  of  the  FO  cable 
through  the  Atlanta  duct  run  were  compared  with  the  theoretical  best- 


Figure  3.  Atlanta  Duct  System 
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Figure  4.  Cable  Pulling  and  Load  Measuring  Apparatus 
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Figure  5.  Typical  Tension  Record 

The  best-fit  cable  friction  coefficient  (1.13)  is  far  outside  the 
95-percent  confidence  interval  from  the  Chester  tests  (0.4 1 ±0.13). 

In  addition,  the  quality  of  the  fit  is  very  poor.  The  sudden  increases 
in  tension  as  the  cable  end  passes  the  first  manhole  in  both  directions 
are  not  present  in  the  fitted  curve.  These  sudden  increases  were  noted 
on  all  pulls  into  the  Atlanta  duct  run. 

Absence  of  these  features  from  the  fitted  curve  could  not  be 
attributed  to  inadequacy  of  the  theoretical  tension  model  in  view  of 
the  supposedly  featureless  duct  run  geometry,  the  steady  pulling 
speed,  and  the  uniform  duct,  winch  line,  and  cable  conditions.  Only 
minor  departures  from  uniformity  were  introduced  by  the  free- 
running  sheaves.  No  reasonable  model  based  on  these  conditions 
could  predict  the  large  sudden  changes  seen. 

Tension  excursions  similar  to  those  observed  are  often  associ- 
ated with  the  passage  of  the  cable  end  through  a bend  in  a duct  run. 
Bends  in  otherwise  straight  runs  are  often  introduced  adjacent  to 
manholes  in  order  to  effect  changes  in  elevation  or  in  the  arrangement 
of  the  duct  formation.  The  assumed  duct  run  geometry  was  therefore 
suspect. 

Development  Capability  Laboratory  (DCL)  Tests 

In  order  to  verify  the  earlier  results  for  a known  geometry,  a 
FO  cable  was  pulled  at  various  speeds  into  straight  inner  duct  in  the 
Development  Capability  Laboratory  (DCL)  at  Atlanta.6  Cable  friction 
coefficients  for  the  various  pulls  were  consistent  with  the  Chester3 
and  Murray  Hill3  results  shown  in  Figure  I. 

Reconsideration  of  Duct  Run  Geometry 

Since  no  direct  means  short  of  excavation  v as  available  to  es- 
tablish the  true  configuration  of  the  underground  duct  run,  the 
geometry  of  the  suspected  bends  was  postulatea.  On  each  side  of 
Manhole  1 , an  S bend  tangent  to  straight  duct  at  the  outer  end  and 
normal  to  the  manhole  wall  at  the  inner  end  was  assumed.  The  arc 
length  of  each  S bend  was  estimated  from  the  duration  of  the  excur- 
sion on  the  pulling  record.  The  total  angle  of  bend  was  estimated 


roughly  from  the  ratio  of  the  tensions  before  and  after  the  tension 
rise. 

Cable  and  winch-line  friction  coefficients  giving  the  best  non- 
linear least-squares  fit  of  computed  to  actual  winch  tension  were  then 
determined  for  the  postulated  geometry  using  the  computer  program 
descnbed  in  the  Appendix.  The  fitted  tension  was  plotted  and  the 
assumed  duct  geometry  adjusted  to  improve  the  qualitative  agreement. 
Slight  bends  were  added  adjacent  to  the  second  manhole.  After  re- 
fitting, a second  and  final  adjustment  was  made.  A radius  of  1 2 ft 
(available  in  factory -produced  plastic  bends)  was  chosen  for  the  bends 
at  the  first  manhole.  Figure  6 shows  the  final  fit  of  the  computed  to 
the  actual  winch  tension,  together  with  the  corresponding  computed 
cable  tension.  The  quality  of  the  fit  is  good,  as  judged  against  a collec- 
tion of  similar  plots  from  field-trial7  and  Chester  pulls.  The  details  of 
the  assumed  vertical-plane  S bends  in  the  revised  duct  geometry  are 
also  shown. 

Corroboration  of  Modified  Geometry 

The  occupied  duct  is  63  in.  farther  below  the  ground  surface  at 
the  building  than  it  is  at  Manhole  I.  The  corresponding  computed 
difference  based  on  the  modified  geometry  is  55  in.  For  the  run  be- 
tween the  first  and  second  manholes,  the  agreement  between  meas- 
ured and  computed  depths  was  also  good  These  compansons  make 
the  modified  geometry  still  more  plausible.  Additional  evidence  in- 
cludes earlier  unsuccessful  attempts  to  place  conventional  cable  in 
one  of  the  ducts  in  the  run.  when  a pull  from  the  building  to  the  first 
manhole  could  not  be  completed. 


Figure  6.  Data  Fit  for  Modified  Duct  Run  Geometry 
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Results  And  Obs  rvations 

Table  11  lists  the  best-fit  friction  coefficients  based  on  the 
modified  duct  run  geometry  for  the  pulls  listed  in  Table  I The 
standard  deviation  of  the  values  for  the  cable  is  about  1/3  of 
that  for  the  Chester  results.  Figure  7 repeats  the  data  of 
Figure  1 and  adds  the  Atlanta  data  from  the  DCL  (diamonds) 
and  the  modified  underground  run  (open  triangles).  For  com- 
parison, the  solid  tnangie  shows  the  value  based  on  the 
unmodified  duct-run  geometry. 

TABLE  II 

R ESULTSO F TESTS 


Pull 

Cable 

Weight 

Sliding 

Speed 

Friction  Coefficients 

No. 

(Ib/ft) 

(ft/min) 

Cable 

Winch  Line 

1 

0.051 

10 

0.38 

0 19 

-> 

0.051 

30 

0.34 

0.22 

3 

0.051 

10 

0.34 

0.18 

4 

0.051 

10 

0.33 

0.17 

5 

0.051 

10 

0.33 

0.18 

6 

0.063 

10 

0.38 

0.20 

7 

0.063 

10 

0.34 

0.23 

Figure  7.  Cable  Friction  Coefficient  Versus  Sliding  Speed 
(Atlantic  Data  Included) 


Mean 

Standard  Deviation 


For  Pulls  at 
10  ft/m  in 


0.35  0.19 

0.024  0.021 


Figure  8 reproduces  the  tension  record  for  the  one  pull  at  30 
ft/min.  The  tension  fluctuations  about  the  mean  are  substantially 
larger  than  those  in  Figure  5.  The  fluctuations  for  the  first  two  pulls 
at  10  ft/min,  however,  are  also  considerably  larger  than  those  in 
Figure  5.  Thus  the  noise  reduction  should  probably  be  attributed 
to  refinement  of  the  pulling  arrangement  as  well  as  to  the  speed 
reduction. 

For  pulls  4 through  7 of  Table  I.  slack  cable  was  payed  off  the 
reel  onto  the  floor,  and  the  tail  load  was  due  entirely  o the  friction 
of  the  slack  cable  sliding  on  the  floor.  Tail  load  was  estimated  from 
the  extent  of  the  suspension  from  the  duct  entrance  to  the  floor. 
The  flexural  stiffness  of  the  cable  had  a marked  effect  on  the  shape 
of  the  suspension  There  were  obvious  vanations  in  sliding  speed  of 
the  cable  entering  the  duct,  although  speed  of  the  pulling  capstan 
was  always  steady.  Eliminating  the  drag  of  the  reel  and  the  effect  of 
its  speed  variations  may  have  been  responsible  for  much  of  the  re- 
duction in  winch-tension  fluctuations. 


Discussion 


Implications  of  Revision  in  Duct-Run  Geometry 

The  revision  necessary  to  produce  good  agreement  between  ex- 
perimental and  computed  tension  was  simple  and  plausible.  The 
success  of  the  revision  in  reconciling  theory  and  experiment  and  the 
agreement  of  the  friction-coefficient  results  with  data  from  other 
sources  restores  confidence  in  the  feasibility  of  placing  FO  cable  in 
kilometer  lengths  in  suitably  selected  duct  nins.  The  episode  em- 
phasizes, however,  that  the  selection  must  be  based  on  accurate  geo- 
metric information. 


The  successful  inference  of  the  Atlanta  configuration  from 
tension  data  might  suggest  use  of  the  procedure  as  a general  tool 
for  verifying  duct-run  geometry  in  the  field.  Such  use  is  not  recom- 
mended. The  indirectness  of  the  procedure  makes  it  vulnerable  both 
to  violations  of  the  assumptions  underlying  the  tension  model  (see 
Appendix)  and  to  the  inherently  noisy  nature  of  frictional 
phenomena.  In  the  Atlanta  episode,  the  critical  nature  of  the  appli- 
cation and  the  continued  experimental  use  to  which  the  duct  run 
would  be  put  made  the  undertaking  essential,  and  the  uniform  ex- 
perimental conditions  made  it  feasible. 

A more  direct  means  of  verifying  duct-run  geometry,  but  one 
not  yet  available,  would  be  use  of  a measuring  device  to  record  duct 
curvature  as  a function  of  distance.  Information  about  orientation 
of  the  plane  of  curvature  is  not  needed  for  adequate  accuracy  of 
pulling-tension  predictions.  Such  a record  would  constitute  the 
primary  geometric  description  for  purposes  of  tension  estimation. 

Summary  and  Conclusions 

Tensions  and  friction  coefficients  have  been  determined  for 
a series  of  pulls  of  FO  cable  into  the  Atlanta  underground  duct 
facility.  To  obtain  satisfactory  agreement  of  computed  and 
measured  tension,  it  was  necessary  to  infer,  from  the  tension  data, 
a suitable  correction  to  the  duct-run  geometry  described  by  the  con- 
duit drawings.  The  addition  of  vertical-plane  S bends  adjacent  to  both 
manholes  produced  good  agreement.  The  resulting  cable  friction 
coefficients  also  agree  well  with  those  from  other  tests  at  Chester 
and  Atlanta.  Kilometer-length  pulls  into  selected  ducts  without  the 
assistance  of  an  intermediate  capstan  drive  remain  feasible.  The 
tests  have  shown  that  the  intermediate  capstan  drive  is  effective  in 
reducing  the  maximum  tension  during  cable  placement,  thus  making 
additional  continuous  I -km  pulls  practical.  A need  exists,  however, 
for  a means  of  establishing  the  true  geometry  of  duct  runs  in  the 
field. 
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PULLING  TENSION  AT  WINCH,  LB 


LENGTH  OF  FO  CABLE  PULLED  IN,  FT 

Figure  8.  Tension  Record  for  Pull  at  30  ft/min 
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APPENDIX 

TENSION  COMPUTATION  AND  ANALYSIS 
Tension  Model 

The  tension  at  any  point  in  the  duct  run  is  established  by  a step- 
by-step  procedure  starting  with  the  back  tension  (tail  load)  in  the 
cable  as  it  enters  the  duct.  The  duct  run  is  considered  composed  of 
three  basic  types  of  segments  (straight  segment,  either  horizontal  or 
inclined,  constant-radius  bend  in  a horizontal  plane,  and  constant- 
radius  bend  in  a vertical  plane).  Beginning  with  the  first  segment 
into  which  the  cable  is  fed,  the  tension  at  the  pulling  end  of  each 
segment  is  calculated  from  that  at  the  feed  end.  Between  the  duct 
entrance  and  the  leading  end  of  the  cable,  the  properties  used  are 
those  of  the  cable;  from  that  point  to  the  duct  exit,  the  winch-line 
properties  are  used. 

The  necessary  equations  are  well  known8-9  and  will  not  be 
repeated  here.  They  are  equilibrium  equations  and  so  must  be  in- 
terpreted as  applying  to  some  tension  near  the  middle  of  the  range 
of  any  dynamic  fluctuations  that  may  actually  occur.  The  flexural 
stiffness  of  the  cable  is  also  neglected,  but  it  may  be  significant  if 
tension  is  low  enough  so  that  the  cable  does  not  follow  the  duct 
wall  In  addition,  the  friction  coefficient  between  the  duct  wall 
and  the  cable  or  winch  line  within  each  segment  is  treated  as  con- 
stant and  independent  of  location  and  time.  Finally,  the  duct  cross 
section  is  circular  or  at  least  has  no  corners  into  which  the  cable 
can  tend  to  wedge  under  tension  in  a bend 


1 lie  tension  expressions  for  both  types  of  bends  depend  on  the 
ratio  l()  wr.  where  I „ is  the  tension  at  entry  into  the  bend,  w is  the 
weight  ot  the  cable  lor  winch  line!  per  unit  length,  and  r is  the  bend 
radius,  When  I()  wr  is  large,  the  tension  I at  exit  from  the  bend  ap- 
proximates the  "cjpstan"  value  I ne^.  where  f is  the  appropriate 
friction  coefficient  and  is  the  angle  of  bend  in  radians  I he  ex- 
ponential tension  buildup  in  bends  is  the  major  cause  of  high  pulling 
tension  Correspondingly,  accurate  knowledge  of  the  angle  and 
location  of  each  bend  in  a duct  run  is  essential  lor  satisfactory  pre- 
diction of  tension. 


A time  sharing  computer  program  has  been  written  for  this  job 
It  obtains  a description  of  the  duct-run  geometry  from  a file  desig- 
nated by  the  user.  Using  cable  and  winch-line  properties  and  friction 
coefficients  entered  from  the  terminal,  it  optionally  prints  or  plots 
tension  at  the  cable  end  and  at  the  winch  lor  successive  locations 
of  the  cable  end. 


I lie  program  is  also  used  lor  the  analysis  of  experimental  tension 
records.  In  this  application  data  points  extracted  Iroin  the  record 
at  uniform  intervals  are  stored  on  a file  and  are  read  by  the  program 
at  the  user’s  command.  I or  one  or  more  pairs  of  assumed  friction 
coefficients,  the  program  computes  and  prints  the  mean-square 
difference  between  measured  and  predicted  winch  tension,  together 
with  the  partial  derivatives  of  that  mean  square  with  respect  to  the 
friction  coefficients.  Using  these  results,  the  analyst  searches  in- 
teractively for  the  friction  coefficients  minimizing  the  mean-square 
error  Measured  and  predicted  tensions  can  then  be  plotted  by  the 
program  as  in  Figure  6. 


When  tail  load  is  constant,  the  tension  at  any  point  in  a duct 
run  is  constant  once  the  cable  end  has  passed  that  point  The  tension 
distribution  in  the  cable  just  before  the  conclusion  of  a pull  is  there- 
fore calculated  readily  in  one  computational  pass  through  any  duct 
run.  A programmable  pocket  calculator  is  an  adequate  tool  for  the 
purpose  To  determine  winefoiine  tension  at  the  winch  as  a function 
of  length  of  cable  in  the  duct,  however,  it  is  necessary  to  make  one 
pass  along  the  winch  line  for  each  location  of  the  cable  end. 
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SUMMARY 

This  paper  examines  the  present  problems 
of  cables  installed  aerially  in  Spain,  the  main  cli- 
matological conditions  (temperature,  humidity,  rain, 
wind,  snow,  etc.)  and  the  tests  leading  up  to  the  de- 
sign of  a new  type  of  filled  cable  for  aerial  use. 

Here  are  also  shown  the  analysis  carried 
out  on  different  filling  compounds  available  in  the 
market  and  laboratory  test  on  several  combinations  of 
insulating  materials  and  filling  compounds,  which  led 
to  the  manufacturing  of  prototypes  cables  for  first 
experimental  installations. 

Likewise,  the  paper  includes  the  first  re- 
sults, obtained  from  the  experimental  installations 
carried  out  in  the  period  from  April  to  June  1976. 

INTRODUCTION 


When  water  enters  a paper  insulated  cable 
the  situation  is  serious  but  at  least  the  paper  swells 
and  the  wet  section  is  localized.  With  polyethylene 
insulated  cable  when  water  enters  no  inmediate  failure 
is  noted  but  the  water  can  completely  fill  an  aerial 
span  of  cable.  This  was  of  concern  to  the  telephone 
companies  and  means  to  stop  water  from  flowing  in  this 
type  of  cable  were  considered. 

During  the  last  few  years  and  as  a result 
of  this  concern  the  main  Cable  Development  Centers, 
both  manufacturers  and  telephone  companies  have  pre- 
sented at  the  IWCS  a great  number  of  papers  on  water- 
proof and  moisturetight  cables,  using  petroleum  jelly 
filling  compounds. 

The  efficiency  of  the  studies  presented  on 
this  matter  is  clearly  demonstrated  by  the  fact  that 
most  telephone  companies  have  adopted  this  technique. 

In  the  last  few  years,  trying  to  get  a 
combination  which  under  real  operating  conditions 
guarantees  a suitable  cable  perfomance  (stability  of 
physical  and  electrical  characteristics)  and  a mean 
life  similar  to  that  of  cables  manufactured  with  air 
core,  an  important  evolution  has  been  observed,  main- 
ly in  insulating  materials  and  filling  compounds. 

In  the  beginning,  low  and  medium  density 
solid  PE  were  used,  with  low  drop  point  petroleum 
jellies,  now  the  trend  has  evolved  towards  the  use  of 
high  density  solid  and  ellular  PE  with  high  drop  point 
petroleum  jellies. 


High  density  ^ellular  PE  is  being  adopted 
almost  in  a general  way  ; nevertheless,  in  the  pre- 
sence of  certain  extreme  temperature  conditions  combi- 
ned with  mechanical  stresses  (wind,  rain,  snow,  etc.) 
their  possibilities  must  be  carefully  studied  and  com- 
pared with  those  of  solid  HDPE. 

In  Spain,  studies  in  this  field  begin  in 
1973.  In  this  first  stage  it  was  demonstrated  that 
due  to  the  climatological  conditions  of  Spain,  it  was 
not  advisable  to  use  the  products  then  available  in 
the  market.  It  was  decided,  for  this  reason,  to  make 
studies  directed  at  obtaining  a prototype  suitable 
for  its  use  on  aerial  lines.  In  order  to  know  accura- 
tely the  working  conditions  in  our  country  it  was  de- 
cided to  carry  out  a study  on  its  climatology  for 
analyzing,  in  a second  stage,  the  possibilities  of 
insulating  and  filling  materials  under  these  condi- 
tions. 

CONSTITUTION  OF  C.T.N.E. 's  NETWORK 


Spain  is  the  second  most  mountainous 
country  in  Europe  and  its  topography  shows  many  and 
high  mountains.  Besides,  its  solid  rock  subsoil  is 
only  JO  or  93  cm.  below  the  surface. 

Taking  these  factors  into  account,  buried 
installation  of  cables  shows  serious  technical  and 
economical  problems.  This  is  the  reason  for  which  ae- 
rial installations  are  used  almost  exclusively  in  C.- 
T.N.E. 

Table  1 shows  the  present  constitution 
of  C.T.N.E. 's  network. 


TABLE  1.  CONSTITUTION  OF  C.T.N.E. 's  NETWORK 


INSTALLATION  TYPE 

CABLE  TYPE 

Buried 

Coaxial  cables  (2. 6/9. 5 ram., 
1.2/4. 4 mm.). 

In  Ducts 

Coaxial  cables,  trunk  cables  and 
feeder  cables  ( > 400  pairs). 

On  walls 

Local  distribution  cables  ( 400 

pairs) . 

Aerial  Line 

Local  distribution  cables  and 
toll  cables  ( 400  pairs). 

There  are  two  types  of  cables  for  aerial 
installations: 
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a)  Paired  and  quaded  cables  with  paper  in- 
sulation and  lead  sheath  (not  manufac- 
tured since  1974) , and 

b)  Paired  cables  with  solid  PE  insulation 
and  composite  sheath  type  Alpeth,  Stal- 
peth,  FPA,  etc. 

Nowadays,  70  t of  toll  cables  are  ins- 
talled on  aerial  lines. 

Coaxial  cables  are  the  only  ones  directly 
buried,  since  the  systems  supported  by  them  require  a 
high  degree  of  reliability.  Yet,  trench  digging  is  an 
extremely  expensive  operation. 

The  present  trends  in  aerial  cable  insta- 
llation are  directed  towards  the  use  of  self-suppor- 
ting (Figure  8)  cables  with  FPA  sheath. 


Pa? BUMS  OF  AERIAL  CABLES  IN  SPAIN 


The  general  perfomance  of  aerial  cables 
deteriorate,  compared  to  buried  cables,  due  to  the 
following  factors: 

- Variation  of  transmision  characteristics 
due  to  the  wide  change  of  service  tempe- 
rature. 


- Atmospheric  storms  with  lightning  dis- 
charges on  cables  or  supports. 

- Vibrations  due  to  wind  stress. 

- Vibrations  due  to  road  proximity. 

- Sudden  changes  of  temperature  anti  humi- 
dity. 

- Abrasion  (Trees,  walls,  etc.). 

- Holes  due  to  hunters. 

- Workmen  other  than  C.T.N.E. 

- Damage  due  to  insect  attack. 


Water  coming  in  through  fhese  cracks, 
flows  along  the  cable  and  causes  considerable  damage, 
(as  has  already  been  established  by  various  authors1 
to  the  transmission  characteristics  of  cables.  Table 
5 (Appendix  II)  and  Figs.  5 To  fe,  show  the  variation 
observed  in  a 0.9  nun.  gauge  26  pair  sample  cable,  ha- 
ving its  core  filled  up  of  water.  In  these  Figures 
can  be  seen  that  the  resistance  and  inductance  are 
not  affected  bv  water. 


Mutual  capacitance  increases  2.3  times 
more  or  less,  its  value.  This  is  an  expected  value, 
since  the  cable  behaves  as  a coaxial  with  its  inner 
conductor  of  copper  and  the  outer  formed  by  a film 
of  water  on  the  insulation.  In  this  case,  the  measu- 
red capacitance  should  be: 


- High  number  of  failures. 

Resistance  is  affected  considerably  by 
changes  in  temperature.  Inductance  is  affected  slight- 
ly and  temperature  has  only  an  insignificant  effect  on 
conductance  and  mutual  capacitance. 


1 24.1275.6 

D 

2 log  10  - 

a 


121.3  nF/Km. 


which  agrees  with  the  one  measured  and  exposed  in  Ta- 
ble 5- 


As  can  be  seen  in  Table  4 (Appendix  X)  and 
Figs.  1 to  4 this  R and  L variation  modifies,  in  turn, 
the  secondary  parameters  (Zo,  «-,^3and  Vp);  such  a 
modification  is,  however,  insignificant  and  does  not 
seriously  degrade  the  cable  quality. 


On  the  other  hand,  water  considerably  in- 
creases the  dissipation  factor,  for  which  the  conduc  - 
tance  is  given  by  the  expression: 

G = cw  c . tan 


The  number  of  failures  in  aerial  cables  is 
larger  than  for  buried  installations,  due  to: 


and  will  be  doubly  increased  when  increasing  C and 
tan  i . 


- Sheath  breaks 

- Joint  breaks 

- Ageing  of  materials. 


As  far  as  secondary  parameters  are  con- 
cerned (attenuation,  impedance,  phase  shift  and  pro- 
pagation velocity)  all  of  them  are  seriously  affected 
by  water  entrance.  Figures  5 bn  8. 


Sheath  and  joint  breaks  result  in  water 
entrance  into  the  cable  core.  This  problem  gets  con- 
siderably worse  in  Spain  due  to  its  extreme  climato- 
logical conditions  (sun,  rain,  wind,  snow,  frost, 
etc.) . 


are: 


The  most  common  causes  of  these  breaks 


Water  damages,  likewise,  the  insulating 
materials  and  sheath,  which  considerably  decreases 
the  life  . When  water  entrance  is  accompanied  by  high 
temperatures,  cable  insulation  resistance  considera- 
bly decreases  resulting,  even,  in  out-of-service 
breakdowns. 


159 


In  C.T.N.E.'s  toll  network  the  failure  ra- 
te for  aerial  cables  is  very  high;  according  to  the 
data  corresponding  to  1974  and  1975,  approximately,  lb 
failures  per  100  Km.  each  year,  that  can  be  detailed 
as  follows: 

- 60  % are  due  to  sheath  breaks. 

- J)  % due  to  joint  breaks* 

5 % due  to  conductor  breaks. 

5 X due  to  another’s  causes. 

hr  reducing  the  number  of  failures  and 
to  improve  the  operation  of  aerial  cables,  some  so— 
lutions  have  been  studied  according  to  the  world 
trends  in  this  field. 


SPLIT  IONS  SH  E I ED 

Once  the  main  factor  (water  entrance) 
affecting  the  behaviour  of  aerial  installations  was 
determined,  studies  were  started  in  order  to  get  sui- 
table solutions. 

World  trend  in  this  field  is  well  defined; 
at  the  beginning,  the  use  of  mechanically  stronger 
sheaths  was  proposed.  This  solution  , apart  from 
extremely  increasing  the  cable  price,  did  not  solve 
the  problem,  and  was  only  used  as  an  intermediate 
step.  Nowadays,  the  design  has  almost  exclusively  been 
directed  to  the  manufacturing  of  cables  filled  with  a 
waterproof  material,  that  prevents  water  entrance 
through  the  sheath  and  its  diffusion  along  the  cable 
core. 

This  solution  has  been  adopted  by  most 
countries,  that  are  trying  to  find  an  ideal  compound 
that  could  be  applied  to  all  cables,  without  modifying 
their  v.  haracstcr  ist  ics.  Many  papers  and  articles  on 
this  subject  have  been  discussed  at  previous  IWCS 
meetings. 

Due-  to  this  concern  there  are  now  in  the 
market  many  filling  compounds  that  are  being  used  in 
every  country  according  to  their  needs. 

After  analysin'  many  of  these  products  we 
find  that  most  of  them  have  been  oriented  to  be  used 
ii  buried  cables  or  in  countries  whose  climatological 
rtanges  arc  not  very  severe.  Acordingly,  the  number 
■:  products  able  to  be  used  on  aerial  installations 
is  very  limitc*  and,  in  general,  a careful  choice 
rotli  of  the  tiil  ini  compound  and  of  the  insulating 
material  will  he  needed,  in  order  to  keep  the  elec- 
trical characteristics  stable. 


CLIVATniP  .li-AL  CONDITIONS 


At  the  rime  of  selecting  materials  and  be- 
fore carrying  out  the  comp  ■ • * ibi lirv  test  between  them, 


it  is  necessary  to  know  the  real  operating  conditions 
to  which  they  have  to  be  submitted.  To  this  purpose, 
a statistical  study  has  been  performed  on  the  follo- 
wing climatological  phenomena: 

- Max.  and  min.  temperatures 

- Mean  temperatures 

- Total  rainfall  and  number  of  rainy  davs 
per  year 

- Number  of  storm  days  per  year 

- Max.  wind  speed 

Figs.  9 & 10  and  Tables  6 to  9 (Appendix 
III)  show  these  data  and  give,  the  different  regional 
variations  for  each  month  of  the  year. 

Data  referring  to  temperature  have  been 
taken  in  national  meteorological  observatories  by 
means  of  meteorological  housings,  placed  in  the  shade 
at  a height  of  1.5  d. 

According  to  the  experiments  performed, 
temperature  in  areas  directly  exposed  to  the  sun 
(aerial  cables),  there  was  a difference  of  about  -H0eC 
from  the  temperatures  recorded  in  the  meteorological 
housing. 

On  the  other  h^jd  and  according  to  that 
expressed  by  other  authors  , cable  core  generally 
reaches  a temperature  higher  than  air  temperature  by 
10^C  to  15-C.  The  core  an  be  at  a temperature  of  30 
to  25-C  above  the  max.  temperature  given  by  Meteoro- 
logical Observatories. 

In  this  way  and  according  to  the  graph 
shown  in  Fig.  9 it  can  be  established  that  cable  co- 
res will  reach  max.  temperatures  of  about  70  to  ?59C. 

It  can  also  be  observed  that  in  some  areas 
min.  temperatures  differ  from  max.  ones  ol  about  20  to 
J09C,  and  cables  are  submitted  to  ageing  cycles  with 
high  temperature  differences  that  seriously  affect  the 
mean  life  of  filled  cables. 

There  are  also  some  areas  where  max.  tem- 
peratures in  summer  and  min.  ones  in  winter  occur,  for 
which  cracking  danger  of  materials  increases. 

Graphics  show,  likewise,  that  in  various 
regions  the  periods  with  max.  temperatures  agree  with 
hi c:i  rainfalls  and  storms  which  considerably  impairs 
the  operating  conditions  of  the  cables. 

According  to  these  data,  it  can  be  esta- 
blished that  the  limiting  operating  conditions  of  ca- 
ble*; will  be: 

Max.  Temperature  75*C 

Min.  Temperature  -20 

Max.  gust  of  wind  156  Km/h. 

Max.  number  storm  days  15  per  station 


■ 
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used  for  insulation: 


Therefore,  both  material  compatibility  and 
operating  cable  tests  should  be  done  taking  these  fac- 
tors into  account. 

MATERIALS  l SEC  IS  TESTS 

INSULATION 

Having  in  mind  the  european  trend  in  this 
field,  only  the  PE  in  its  three  varieties  has  been 


- Low  density  polyethylene  (LDPE) 

- Medium  density  polyethylene  (MDPE) 

- High  density  polyethylene  (HDPE) 

With  these  three  PE  types  in  solid  and  ce- 
llular state  test  have  been  perfomed. 

Table  2 shows  the  main  characteristics  of 

the  PE  used. 


^\PE  - TYPE 

A 

B 

c 

D 

E 

1 

G 

P ft’  P ERTIES^\^ 
AT  R.T. 

SOL.  LDPE 

SOL.  MDPE 

SOL.  MDPE 

SOL.  HDPE 

CEL.  LDPE 

CEL.  MDPE 

CEL.  HDPE 

Density  g/cm^ 

(*) 

(*) 

Melt.  Index  g/lO  min. 

■ 

0.22 

0.23 

0.3 

0.3 

0.3 

0.3 

Dielectric  Constant. 
1 MHz 

m 

2.20 

2.30 

2.32 

2.26 

2.30 

2.30 

Tensile  Strength 
Kg/cm 

160 

146 

145 

218 

125 

125 

Elongation 

% 

610 

580 

590 

720 

1 93 

190 

190 

1*)  Depending  on  the  foaming  grade. 

TABLE  2.  PROPERTIES  OK  THE  PE  MATERIALS  USED  FOR  THE  INSULATIONS 


To  obtain  this  Table  of  characteristics, 
the  following  ASTM  standards  have  been  taken  into 

account : 

- Tensile  strength  and  elongation  D-638 

- Melt  Index  D - 1238 

- Dielectric  Constant  D— 1531 

- Volume  Resistivity  D-257 

These  polyethylenes  and  filling  compounds 
incorporate  the  same  antioxidants  and  copper  deactiva- 
tors. 

1 !U  DiC  COMTOUND 

Filling  compounds  used  are  petroleum  je- 
■ ’ll  illy  pure  destilled  from  raw  petroleum 
1 1 r\  -d  f a macrocrystalline  wax  mixture 

■ d .iner»J  c»ls. 


lation  polymer  so  as  not  to  impair  its  dielectric  and 
mechanical  characteristics.  Likewise,  they  should  have 
good  physical  properties  so  that  they  do  not  become 
extremely  hard  at  low  temperatures  or  extremely  fluid 
at  the  high  temperatures  to  which  it  will  be  submitted 
during  cable  operation. 

After  analyzing  some  european  and  Spanish 
filling  compounds,  the  three  types  shown  in  Table  3, 
according  to  their  main  characteristics,  were  selected. 

To  obtain  these  characteristics,  the  follo- 
wing ASTM  standards  have  been  taken  into  account: 

- Drop  point  D-127 

- Flash  point  D-92 

- Viscosity  D-88 

- Dielectric  Constant  D-150 

- Volume  Resistivity  D-190 


'..■1  not  to  impair  the  transmission 
• iM?;,  they  should  have,  low  per- 

t ...  •••>  < at  audiofrequencies.  They 
•.1  ’ispatibility  with  the  insu- 


TABLE  3.  PROPERTIES  OF  THE  MATOUALS  USED 
FOR  FILLING  COMPOUNDS. 


PJ  - TYPE 
PROPERTIES 

L 

— 

M 

N 

Drop  Point 
*G 

97 

85 

96 

Mash  Point 
«C 

.307 

296 

256 

Viscosity 

sus 

114 

10  8 

100 

Pone t rat  ion 
m.m.  at  2$°C 

4*8 

7 

4' 7 

Dielectric  Cons- 
tant. a 1 MHz 

2 '46 

2 '49 

2' 37 

Volume  Resistivity 
at  23*C 

1.4*10 ' 5 

1.8. 10 1 ’ 

1.3. 1015 

KILLING  AM)  INSULATION  COMPATIBILITY 


In  order  to  get  a cable  with  suitable  phy- 
sical and  electrical  characteristics  and,  at  the  same 
time,  stable  during  cable  life,  a full  compatibility 
is  needed  between  filling  material  and  insulating  po- 
lymer as  well  as  a minimum  interaction  between  them. 

Usually,  when  filling  and  insulating  PE 
are  in  contact,  the  insulation  absorbs  a certain 
amount  of  filling  compound  and  progressively  deterio- 
rates. 

This  phenomenon  has  been  widely  studied  by 
various  authors  and  all  agree  in  advising  a good  and 
careful  choice  of  them  for  mitigating  this  effect. 

For  choosing  the  products  suitable  to  our 
climatological  conditions  the  following  compatibility 
tests,  with  different  filling  and  insulation  types  ha- 
ve been  perfomed: 

- Tensile  strength  and  elongation 

j)  Before  and  after  air  stove  ageing  at 
8S9C  and  1009C. 

2)  After  immersion  in  a filling  compound 
at  RT  93«c,  73®C  and  80®C  for  2 days, 
2 weeks  and  3 months. 


- Weight  change 

On  25  cm.  samples  of  each  conductor  insu- 
lation after  immersion  in  a filling  com- 
pound 2 days,  2 weeks  and  3 months.  They 
are  weighed  before  and  after  being  sub- 
merged. 

- Diameter  change 

On  25  cm.  samples  of  each  insulation, 
measuring  the  diameter  before  and  after 
immersion  in  a filling  compound  2 days, 

2 weeks  and  3 months. 

- Wrap  test 

It  takes  place  by  submitting  the  samples 
to  an  immersion  period,  for  later  expo- 
sure,during  90  days,  to  temperatures  of 
70  , 80  and  85®C. 

The  results  are  shown  in  Tables  10  to  17 
(Appendix  IV)  and  Figs.  11  to  14. 

According  to  them,  the  following  conclu- 
sions can  be  made: 

- HDPE  is,  at  first,  more  suitable  for 
being  used  at  high  temperatures  than 
LDPE  and  MDPE,  since  it  presents  a lower 
filling  absorption. 

- As  far  as  the  filling  compounds  analyzed 
are  concerned,  the  most  suitable  is  type 
L,  since  it  shows  a higher  drop  point 
and  lower  interaction  with  PE  used. 

According  to  these  results,  PE  type  "D" 
and  "G"  and  filling  compound  type  "L" 
have  been  selected  for  carrying  out  pro- 
totypes. 

PROTOTYPES  MANUFACTURED  AND  TESTS  PERFORMED 


According  to  the  materials  selected  in  La- 
boratory, two  prototypes  were  selected  with  the  follo- 
wing characteristics: 


CABLE 

GAUGE 

n«of  PAIRS 

INSULATION 

FILLING 

SHEATH 

1 

0.91 
19  AWG 

to 

HDPE 

Solid 

L 

FPA 

2 

0.91 
19  MiG 

25 

HDPE 

Cellular 

L 

FPA 

- Thermal  shock 

It  takes  place  at  100  and  1209c  after  im- 
mersion of  the  samples  in  a filling  com- 
pound 2 days,  2 weeks  and  3 months  at  RT, 
5),  73  and  85®C.  This  phenomenum  can  be 
observed  when  crackings  occurs. 


Test  performed  were: 


st 

- Transmission  parameters  (l  and  2 
temperatures  of  -20*C,  0®C,  40®C, 
and  80«C. 


ndx 


60*C 


at 


- Waterproof ness. 
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- Insulation  resistance. 


FIELD  TRIAL  - MEASUREMENTS 


- Dielectric  strength. 

The  results  are  shown  in  Figs.  15  to  23  and 
in  Table  l8  (Appendix  V). 

In  primary  parameters  two  phenomena  can  be 

observed : 

a)  temperature  affects  them  the  same  as 
dry  cables,  R and  G change,  and  C re- 
maining almost  constant. 

b)  with  increasing  frequency,  R and  G 
change,  but  their  change  percentage  is 
less  than  in  dry  cables. 

Referring  to  secondary  parameters,  it  can 
be  seen  that  HF  attenuation  improves,  mainly  due  to  a 
lower  variation  of  R and  G,  as  noted  in  the  previous 
paragraph. 

Capacitance  unbalances  between  pairs  and 
ground  increase  in  filled  cables;  this  phenomenon  will 
be  widely  studied  to  try  to  reduce  it. 


Fig.  23  shows  the  insulation  resistance 
variation  versus  temperature.  An  important  change  can 
be  observed  between  -20®C  and  -+-60?C.  Yet,  the  varia- 
tion below  and  above  these  limits  is  insignificant. 


PE  with  antioxidants  and  copp^c  deactiva- 
tors has  a volumetric  resistivity  of  4x10  ohm-cm  at 
509C  decreasing  lightly  when  temperature  increases. 
Filling  compoun^  have  a volumetric  resistivity  value 
lower  than  2x10  ohm-cm.,  which  indicates  that  these 
compounds  are  the  main  cause  of  the  low  insulating  re- 
sistance experienced  in  filled  telephone  cables  when 
temperature  increases. 


This  phenomenon  will  be  actyvely  studied. 


RESISTANCE  D.C 

. ohm/ Km. 

54.56 

MITTAL  CAPACITANCE  800  Hz,  nf/Km. 

53 

GROUND  CAPACITANCE  UNBALANCE 

800  Hz 

pF/55)  m. 

315 

800  Hz 

460 

IMPEDANCE  (Zo) 

ohm. 

150  KHz 

112 

1 MHz 

104 

800  Hz 

0.73 

ATTENUATION  dB/Km. 

150  KHz 

4.1 

1 MHz 

10.6 

ISO  KHz 

81 

1 MHz 

67 

E'EXT 

First  Layer 

150  KHz 

87 

dB/l,830  m. 

1 MHz 

78 

Second  Layer 

193  KHz 

76 

1 MHz 

73 

150  KHz 

81 

1 MHz 

73 

First  Layer 

193  KHz 

76 

1 MHz 

65 

NEXT 

Second  Layer 

ISO  KHz 

72 

dB 

1 MHz 

57 

Center  to 

193  KHz 

83 

first  layer 

1 MHz 

73 

First  to 

193  KHz 

78 

Second  Layer 

1 MHz 

6 b 

The  results  obtained  fully  agree  with  tho- 
se expected  according  to  laboratory  measurements. 


Waterproofness  tests  , with  a complete  ca- 
ble have  been  performed  and  all  meet  the  specifica- 
tions. 

FIELD  TRIALS  IN  A REAL  INSTALLATION 

Both  cable  prototypes*  have  been  installed 
in  four  routes  belonging  to  areas  where  climatological 
conditions  are  very  extreme  in  order  to  verify  the 
characteristics  found  in  the  laboratory.  To  this  pur- 
pose, a long-term  test  plan  has  been  prepared. 

The  results  of  the  first  tests  performed 
with  max.  temperatures  of  25®C  are  shown  in  the  follo- 
wing Table: 


CONCLUSIONS 

What  has  been  described  in  this  paper  de- 
monstrates that  although  the  use  of  filled  cables  on 
aerial  lines  if  feasible  in  practice,  even  under  ex- 
treme operating  conditions,  it  will  be  necessary  to 
carry  out  a careful  choice  of  insulating  and  filling 
materials  to  ensure  a good  cable  mean  life. 

High  density  PE  solid  and  cellular  insu- 
lations show  the  best  compatibility  levels  with  fi- 
lling products.  From  these  products  those  with  high 
drop  point  are, undoubtedly,  the  most  reliable. 

Having, however,  in  mind  the  high  capaci- 
tance (imbalances  and  low  insulation  resistance  that 
have  been  found  in  their  operation  above  60?C  it  will 
be  necessary  to  study  them  wider  and  pursue  the  deve- 
lopment,both  of  materials  and  manufacturing  process, 
overall,  when  cables  have  to  be  used  with  high  fre- 
quency systems. 
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According  to  the  operating  results  obtained 
from  now  on,  it  is  intended  to  continue  the  development 
in  order  to  get  a cable  fully  useful  to  be  installed  on 
our  aerial  lines. 
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FIG.  19.  Attenuation/frequency  for  19  AWG  filled 
cable. 
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. 20.  Phase  ciiange/temperature  for  19  AWG 
filled  cable. 


FIG.  21.  Impedance/temperature  for  19  AWG  filled 


FIG.  22.  Impedance  angle/temperature  for  19  AWG 
filled  cable. 
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FIG.  23.  GRDIND  capacitance  unbalance/temperature 
for  19  AWG  filled  cable. 
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FIG.  24.  Insulation  Resistancc/temperature  for 
19  AWG  filled  cable. 


PfHMWY  P/lfl/WETtHS  SECCNG/flY  PAR/WETERS 


20®,  20®  and  60® C 


APPENDIX  XII 


AREAS 

NORTE 
Y N.W. 

OUEHO 

tajo 

GUADIANA 

GUADAL- 

QUIVIR 

SUR 

SEGURA 

LEV  ANTE 

EBRO 

PIRINED 

ORIENTAL 

total 

JANUARY 

72 

12 

1 

47 

37 

7 

3 

2 

5 

0 

186 

FEBRUARY 

6B 

68 

37 

82 

100 

47 

23 

54 

62 

26 

567 

MARCH 

245 

1'  ' 

86 

317 

139 

40 

86 

114 

421 

92 

1660 

APRIL 

376 

345 

567 

186 

43 

50 

79 

409 

34 

3361 

MAY 

533 

2116 

679 

732 

291 

40 

489 

831 

1434 

164 

7309 

JUNE 

639 

3269 

838 

892 

495 

68 

514 

864 

1292 

229 

909B 

JULY 

440 

775 

40 

33 

9 

53 

171 

910 

261 

2745 

AUGUST 

876 

3474 

759 

225 

23 

256 

1074 

2325 

705 

10242 

SEPTEMBER 

62 

179 

96 

27 

138 

36 

222 

269 

1025 

2e2 

2336 

OCTOBER 

299 

57 

29 

20 

104 

73 

116 

38 

34 

90 

860 

NOVEMBER 

n 

9 

29 

91 

22 

1 

C 

1 

45 

29 

232 

DECEMBER 

n 

0 

3 

5 

0 

6 

0 

0 

0 

0 

19 

ALL  YEAR 

3678 

11361 

2956 

3345 

1770 

391 

1814 

3497 

7962 

1912 

38686 

0 

294 

766 

292 

410 

176 

74 

164 

294 

505 

132 

3109 

S/0 

12.5 

14.8 

10.1 

10.1 

5.3 

11.1 

11.9 

15.8 

i 

14.5 

12.4 

0 - STATION  S - STOW 

TABLE  8.  Storms  In  different  regions  of  Spain. 


AREAS 

NORTE 
Y N.W. 

DUERO 

TAJO 

GUADAL 

QUIVIR 

SUR 

SEGURA 

LEV  ANTE 

EBRO 

HM 

JANUARY 

120 

85 

88 

76 

111 

95 

89 

94 

94 

ISO 

FEBRUARY 

156 

110 

85 

94 

138 

72 

58 

133 

104 

135 

MARCH 

116 

95 

83 

66 

87 

95 

66 

109 

86 

136 

APRIL 

104 

79 

77 

76 

102 

97 

86 

103 

100 

122 

MAY 

116 

83 

63 

72 

94 

83 

54 

82 

79 

101 

JUNE 

74 

KM 

61 

59 

78 

74 

58 

72 

97 

75 

JULY 

101 

■a 

65 

61 

85 

61 

43 

79 

83 

94 

AUGUST 

105 

77 

76 

52 

87 

56 

47 

90 

78 

106 

SEPTEMBER 

76 

8B 

58 

74 

74 

85 

55 

110 

76 

99 

OCTOBER 

108 

95 

122 

83 

76 

81 

56 

90 

80 

143 

NOVEMBER 

118 

83 

76 

72 

89 

113 

72 

93 

91 

153 

DECEMBER 

128 

81 

65 

80 

101 

111 

62 

90 

66 

140 

TABLE  9.  Max  guet  of  wind  in  Km/hour. 
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TABLE  7.  Rain  Average  in  litres/m2 
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3 umm  ary 

In  Summer  1973  a 13  1®  experimental  link  was  carried 
out  between  V lgevano  and  Kortara  ( Nor than  Italy  near 
Milan)  employing  a lead  sheathed  0.7/2. 9 coaxial  car- 
ble  with  outer  FVC  conductive  covering.  The  purpose 
of  the  experimental  link  was  to  evaluate  the  charac- 
teristics and  the  behaviour  versus  time  of  the  new 
type  of  covering,  by  means  of  field  and  laboratory 
tests. 

The  characteristics  of  the  experimental  link,  the  re 
suits  of  the  measurements  and  the  conclusions  so  far 
reached  on  the  future  utilisation  of  the  new  material 
are  illustrated  in  the  present  Paper. 

1.  Introduction 

The  sheaths  for  buried  telephone  cables  have  always  de 
veloped  in  close  association  with  the  technology  of 
both  metallic  and  plastic  materials.  Tight  metal  sheathe 
protected  with  suitable  covering  are  still  recognized 
to  be  the  most  reliable.1 

Any  reference  to  protection  in  this  Paper  will  apply  to 
this  type  only. 

The  life  of  the  materials  used  for  cables  protection  is 
difficult  to  forecast,  as  it  is  directly  associated  with 
the  economic  life  of  the  telephone  cables,  generally  in 
the  range  of  tens  of  years.  During  this  time  the  cable 
and  particularly  its  protection  may  be  subjected  to  se- 
veral kinds  of  trouble: 

- mechanical  stresses 

- rodent  and  insect  attack 

- corrosion 

- electric  induction 

- lightning  discharges 

The  experience  gathered  in  Italy  during  the  last  ten 
years  on  manufacture,  installation  and  service  of  buri 
ed  cables,  both  local  and  trunk,  has  confirmed  the  con 
venience  of  using  metallic  sheaths,  either  lead  or  alu 
minium  alloy,  the  latter  mainly  for  trunk  cables  cover 
ed  with  plastic  insulating  material  (PVC  or  FE)  and 
possibly  provided  with  steel  tape  armour. 

Particularly  with  reference  to  trunk  cables,  some  of  the 
types  of  protection  are  considered  (see  table  l). 

As  known, metallic  sheatha when  protected  by  a plastic  in 
sulating  covering  have  to  be  earthed  at  suitably  spaced 
points  in  order  to  ensure  the  necessary  level  of  protec 
tion  against  induction  and  lightning. 


An  improvement  to  the  cable  protection  is  given  by  the 
armour  which  increases  the  screening  effect.  A greater 
advantage  is  obtained  when  the  armour  is  covered  by  a 
textile  fibre  protection  instead  of  a covering  of  pla- 
stic insulating  material.  Treated  jute,  for  inbtance, 
can  practically  give  a continuous  earthing  for  the  ar- 
mour itself,  but  not  for  the  underlying  metallic  sheath. 

The  requirements  of  the  protection  from  1 ) corrosion 
and  2)  induction  and  lightning  may  be  in  opposition; in 
fact,  while  on  one  hand  it  would  be  necessary  to  have 
isolation  from  environmental  attacks,  on  the  other  hand 
the  metallic  sheath  would  require  to  be  as  near  as  pos 
sible  to  the  earth  potential.  This  problem  could  be 
solved  eventually  by  using  a newly  developed  material 
i.e.  a plastic  covering  having  the  following  characte- 
ristics: 

- good  electric  conductivity 

- possibility  of  preventing  electrochemical  contact 
between  metallic  sheath  to  be  protected  and  exter 
nal  environment 

- characteristics  of  use  similar  to  those  of  current 
compounds  now  widely  experimented  with. 

- constant  behaviour  of  properties  versus  time. 

We  can  see  that  a compound  having  all  these  character^ 
sties  is  not  easy  to  obtain,  this  is  demonstrated  by 
the  fact  that  actual  installations,  although  experimen 
tal,  are  small  in  number.  Studies  in  this  direction 
have  been  promoted  also  by  CCITT  following  a request 
formulated  by  many  Countries  2#  The  V and  VI  Commission 
have  been  invited  to  investigate  a new  problem  concern 
ing:  "Coordinated  protection  schemes  for  telecommunica 
tion  cables"  (question  Z/VI;  re  CCITT  AP  VI  No  70E). 

For  many  years  3 the  problem  nas  been  faced  in  several 
Countries  and  investigations  are  also  in  progress  in 
Italy  with  the  aim  of  obtaining  through  accurate  labv>- 
ratory  and  field  tests  some  practical  results  that  will 
give  real  application  in  the  field  of  trunk  cablei  l 
a reasonably  short  time. 

2.  Organisation  of  the  experiment ~ 

Re an on  for  selecting  FVC 

Conductive  compounds  are  readily  avail  • 

ket,  as  they  are  generally  used  as  . v • 

screen  for  M.V.  power  cables  with  ext-  • a 

The  utilisation  of  these  material*  ?-  -• 

ing  on  telephone  cables  is  rsl  it  \ v • 

Among  the  various  products,  * • , - • «-  * » 
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meric  compounds  are  largely  employed;  little  attention 
has  been  devoted  so  far  to  FVC.  For  this  experiment, 
the  investigations  were  initially  directed  to  P/C  bas- 
ed compounds,  since  different  formulations  having  char- 
racteristics  similar  to  normal  P/C  compounds  are  relar- 
tively  easy  to  obtain.  Also  the  economical  aspect  of 
the  relatively  simple  compounding  technology  possible 
also  with  small  equipment,  and  the  possibility  of  ex- 
truding with  standard  FVC  extruders  are  additional  ad- 
vantages to  be  considered. 

3asic  characteristics  of  the  compound 

The  formulation  of  the  compound  used  for  the  experiment 
is  as  follows: 

- 50£  P/C 

- 26f>  plasticizers,  fillers  and  stabilizers 

- 24/w  finely  dispersed  conductive  carbon  black 

A leval  of  carbon  black  is  considered  the  optimum 
amount  as  regards  both  compounding  and  electrical  cha 
racteri8tics.  As  a matter  of  fact,  smaller  amounts 
would  cause  the  volume  resistivity  to  rapidly  exceed 
the  maximum  admissible  values  (approx  106  ohm  • cm), 
whilst  larger  amounts  would  involve  compounding  diffi^ 
culties.  The  value  of  volume  resistivity  in  this  com- 
pound allows  the  metallic  sheath  to  reach  a transverse 
resistance  of  approximately  the  same  value  as  obtained 
on  the  jute  protected  cable  laid  in  a trench  (approx 
1 ohm  • km ) . 

The  choice  was  directed  to  a compound  that  could  ensu- 
re characteristics  as  similar  as  possible  to  those  pre 
scribed  by  the  Specification  in  force  (SIP  Specifica- 
tions 1035  and  similar,  for  instance,  German  Specifi- 
cation VDE  0209  and  English  Specification  BS-6745)* 

In  Table  2 some  typical  characteristics  of  the  select- 
ed compound  (a)  are  given  in  comparison  with  a conduc- 
tive compound  of  different  formulation  and  higher  car- 
bon black  content  (b)  and  a traditional  insulating  com 
pound  (c), 

4 

Polarization  tests 

Polarisation  test3  were  preliminarily  Carried  out  on 
this  compound  to  investigate  its  electrochemical  behav 
iour  in  the  presence  of  corrosion  due  to  current  circu 
1 at ion, 

Fi g,  1 shows  the  anodic  and  cathodic  curves  obtained 
for  this  compound  through  a potentiostatic  method  (ASIM 
(35—71)  in  aerated  and  non  aerated  water  solutions  con 
taining  the  ions  that  are  most  frequently  present  in 
the  soil.  The  curves  obtained  for  the  different  solu- 
tions have  a similar  shape,  A notable  characteristic 
of  the  compound  is  the  high  potential  needed  to  allow 
the  circulation  of  very  weak  current  densities,  with 
the  consequence  there  is  a wide  potential  range  (above 
1.5  V),  around  the  equilibrium  value  at  which  the  com- 
pound is  in  a state  of  possible  passivation:  the  possu 
ble  degradation  of  carbon  inside  the  compound,  but  in 
contact  with  the  electrolyte,  takes  place  at  extremely 
alow  ratep. 

The  problem  concerning  the  electrochemical  behaviour 
of  this  compound  is  very  complex.  A further  study  is 
in  progress  to  investigate  the  reactions  at  the  elec- 
trode. 


Manufacture  of  compound  and  conductive  covering 

The  manufacturing  teclmology  is  rather  simple,  but  the 
mixing  times  are  longer  than  usual;  moreover  it  is  ne 
cessary  to  eliminate  the  risk  of  atmospheric  pollution 
by  the  carbon  black. 

The  PVC  conductive  covering  was  applied  by  a conventio- 
nal extruder,  as  currently  used  for  microcoaxial  cables. 
Extrusion  conditions  are  pratically  the  same  as  for  nor 
mal  compounds  which  is  one  aim  of  our  investigation. 

'Hie  risk  of  other  insulating  compounds  being  contaminat 
ed  by  the  conductive  compound  can  be  easily  avoided  by: 

- ensuring  a separate  flow  path  for  conductive  compard 
and  normal  compound. 

- carrying  out  careful  cleaning  of  the  machine  by  ex 
truding  normal  FVC  at  the  end  of  the  conductive  com 
pound  extrusion  stage. 

Normal  acceptance  tests  carried  out  on  samples  of  cover 
ing  taken  from  the  cable  were  satisfactory  both  longitu 
dinally  and  transveroally  (tensile  strength  and  elonga- 
tion at  break  before  and  after  ageing,  hot  deformation, 
cold  flexibility,  impact  tests  and  flammability). 

A specification  for  tests  on  finished  cable  is  being  fi 
nalized  on  the  basi3  of  the  tests  indicated  in  Table  5 
and  6 described  later. 

Choice  of  the  cable 

The  cable  employed  in  the  experimental  installation, 
that  will  be  described,  is  a type  commonly  used  in  the 
Italian  trunk  network,  nwnely,  a 12  pair  0.7/2 .9  mm  co 
axial  cable  with  0.6  mm  PE  insulated  service  quads  anti 
rnonial  lead  alloy  sheath  specifically  provided  with  an 
outer  conductive  covering  (Fig.  2) 

3.  Description  of  the  experimental  link 

The  experimental  microcoaxial  cable  is  the  final  part 
of  the  Milan o-Mortara  link  and  connects  Vigevano  and 
Mortara  exchanges.  The  total  length  of  the  experimental 
link  is  13  km,  3 km  of vhich  in  the  terminal  local  areas 
are  in  duct;  the  remaining  portion  is  laid  in  a trench 
along  tha  main  road  at  a 0.7  m depth  inside  a concrete 
trough.  Another  trupk  cable,  lead  and  FVC  sheathed,  and 
in  some  sections  a lead  sheathed  local  cable  with  steel 
tape  and  jute  protected  armour  are  installed  as  well  in 
the  same  trough  along  the  entire  route. 

The  cable  installation  is  running  parallel  to  the  Morta 
ra-Vigevano  D.C.  railway  at  a maximum  distance  of  1 km 
and  crosses  the  railway  near  Vigevano.  The  railway  elec 
tricity  substation  is  located  in  Mortara.  Moreover  there 
are  crossings  with  a gas  and  an  oil  pipeline,  whose 
structures  are  cathodically  protected  by  two  unidirec- 
tional drains. 

In  the  local  area  of  Mortara  and  Vigevano  the  ducts  (con 
crete  and  partly  ffi/C)which  accomodate  the  coaxial  cable 
contain  many  other  lead  sheathed  local  telephone  cables. 
The  cables  when  nearing  the  Mortara  exchange  have  catho 
die  protection  provided  by  two  unidirectional  drains. 

To  ensure  a full  control  of  the  cable  protection, 
the  lead  sheath,  running  continuously  from  one  terminal 
to  the  other,  is  connected  to  the  earthing  network  of  the 
terminal  exchange  of  Vigevano  and  Mortara.  Due  to  the 
conductivity  of  the  covering,  the  lead  has  not  been  pro 


vided  with  any  intermediate  earth  connections,  Ibe  houjs 
ing  of  the  four  PCK  repeaters  (0  Kbit/s  PCK  systems,  to 
be  increased  in  the  near  future  to  34  Mbit/s)  situated 
between  Kortara  and  Vigevano  are  earthed  independently 
of  the  cable  sheath  merely  with  the  purpose  of  ensuring 
a control  of  the  conductive  covering.  The  cable  is  pres 
surized  at  0.7  bar. 

4,  Choice  of  the  controls 

In  order  to  evaluate  the  behaviour  of  the  conductive  co 
vering,  both  field  and  laboratory  tests  were  carried  cut 
at  various  intervals,  scheduled  so  that  possible  varia 
tions  during  the  cable  life  could  be  identified. 

For  this  purpose  the  following  main  characteristics  have 
been  evaluated: 

Characteristics  to  be  evaluated  on  the  installed  cable 

a)  DC  specific  transverse  resistance  (*) 

b)  AC  specific  transverse  resistance  (») 

c)  specific  transverse  resistance  at  lightning  current 

d)  impedance/frequency  characteristic 

e)  lightning  current  dispersion 

f)  electrical  influence  of  stray  currents  and  geologi- 
cal cells 

Characteristics  to  be  evaluated  in  the  laboratory  on 
samples  taken  from  the  installed  cable 

- Chemical  and  physical  test3 

g)  specific  weight 

h)  water  absorption 

i)  plasticizer  amount  in  the  outer  layer  of  the  cover 
ing 

- Mechanical  tests 

l)  tensile  strength  and  elongation  at  break 

m)  cold  flexibility 

- Electrical  tests 

n)  surface  and  volume  resistivity  before  and  after 
bending 

Environmental  characteristics 

o)  analyses  of  soil  samples  taken  from  along  the  cable 
route  and  of  ’water  samples  taken  from  particular 
points  of  the  cable  route. 

The  above  test  were  scheduled  as  follows  (see  table  3)s 

- measurements  on  original  cable  Eamples 

- measurements  (>  months  after  installation 

- subsequent  measurements  ever;/  12  months. 


5,  Arrangement  of  the  test  devices  for  carrying  out 
field  measurements  and  taking  the  camples 

The  test  device  were  arranged  as  illustrated  in  fig.  3 
namely: 

- installation  of  measurement  points  in  the  most  signi- 
ficant sites  along  the  cable  route,  where  other  struc 
tures  or  particular  environmental  and  installation  con 
ditione  are  present; 

- installation  of  insulating  joints,  normally  shunted 
at  the  cable  ends  (exchanges  or  repeaters)  and  when 
changing  the  type  of  laying  (duct-trench) ; 

- identification  of  three  particular  points  (F,  H,  K) 
as  follows: 

H = buried  in  trench  with  low  stray  current  density 
F = buried  in  trench  with  high  stray  current  density 
K « in  duct  (in  Kortara). 

Cable  lenghts  of  50  and  100  m were  sectionalized  with 
insulating  joints,  normally  shunted,  in  order  to  check 
the  behaviour  of  the  installed  cable  in  comparison  with 
the  cable  samples:  two  20  m cable  lengths  laid  at  posi 
tions  corresponding  to  H - F - It,  One  of  these  samples 
is  constantly  connected  to  the  cable  so  as  to  simulate 
the  actual  conditions.  Laboratory  tests  were  carried 
out  on  cable  sections  subsequently  taken  from  the  six 
cable  samples. 

j.  Measurements  results 
6.1  f ield  measurements 

a)  D.C.  specific  transversal  resistance 

The  results  of  the  measurements  carried  out  on  field 
cable  samples  nnd  on  cable  lengths  of  100  m maximum 
arranged  near  such  samples,  are  given  in  fig.  4. 

For  a better  interpretation  of  the  results  obtaired 
it  has  to  be  noted  that  the  voltage/current  characte 
ristic 

- is  dependent  on  the  applied  voltage 

- has  a tendency  to  form  a linearcurve  versus  volta- 
ges higher  than  5 V 

- is  partly  dependent  on  the  voltage  variation  rate. 

From  the  analysis  of  the  results,  the  resistivity  of 
the  conductive  covering  of  the  buried  cable,  show9 
steady  values  between  200-400  Kohm  • m,  independent 
of  the  stray'  currents  density,  whereas  values  ranging 
between  pOO  and  2000  ohm  ■ n are  found  for  the  cover 
ing  of  the  cable  in  duct.  The  higher  value  found  for 
the  covering  in  duct  may  be  due  to  the  fact  that  in 
this  case  the  cable  is  in  contact  with  the  surround 
ing  only  along  a narrow  longitudinal  surface  of  the 
oonductive  covering. 

b)  A.C.  specific  transversal  resistance 

The  A.C.  measurements  were  carried  out  simultaneous- 
ly with  the  D.C.  ones  at  a frequency  of  75  llz  accord 
ing  to  the  method  normally  adopted  for  evaluatingttie 
earth  resistance.  The  A.C.  results,  also  given  in 
fig.  4,  appear  to  be  in  good  agreement  with  those  ob 
tained  with  D.C, 


(*)  per  unit  length  of  cable 
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The  method  used  for  the  A.C.  measurements  is  to  be 
preferred  as  it  is  easier  and  more  reliable. 
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c)  Specific  transversal  resistance  to  lightning  cur 
rente 

The  correlation  between  voltage  and  pulse  current 
measured  on  two  samples  of  buried  cable  was  found  to 
be  linear.  The  specific  transverse  resistance  showed 
an  approximate  value  of  300  ohm  • m. 

d)  Itnpe  iance-f reqaency  characteristics 

The  impedance  was  measured  on  some  samples  of  buried 
cable  by  means  of  special  equipment  ensuring  a fre 
quency  range  between  50  Hz  and  1.6  MHz. 

The  correlation  between  impedance  and  frequency  is  li 
near,  the  specific  resistance  being  approx  200  ohm  • m 

e)  Lightning  current  leakage 

The  condition  of  a direct  strike  was  simulated  on  the 
cable  lead  sheath  by  means  of  a lightning  surge  gene 
rator.  In  this  situation  the  shape  of  the  longitudi 
nal  current  wave  along  the  sheath  and  the  correspond 
ing  transversal  voltage  to  earth  were  measured  from 
the  current  entry  to  one  cable-end,  the  situation  be 
ing  symmetrical  at  the  other  cable-end. 

The  results  of  these  measurements  are  given  in  fig.  5 
It  can  be  observed  that  the  lightning  current  is  sub 
jected  to  distortion  and  to  considerable  attenuation 
all  along  the  cable:  at  pOO  m distance  from  the  sour 
ce,  the  current  is  reduced  by  20  times  and  the  volta 
ge  to  earth  by  200  times.  This  result  is  due  to  the 
fact  that  the  cable  protected  by  the  conductive  cover 
ing  is  buried  in  ground  having  a resistivity  of  ap- 
prox 150  - 200  ohm  • m. 

Different  values  of  ground  resistivity  would  cause 
the  results  to  be  somewhat  changed. 

f ) rTiectrical  influence  of  stray  currents  ana  geologi- 
cal cell3. 

The  potential  to  earth  (referred  to  the  0u/CuS04  non 
polarizable  electrode)  and  the  longitudinal  current 
of  the  lead  sheath  are  examined.  Since  the  cable  is 
mainly  affected  by  the  electric  field  of  tha  Vigeva 
no-  Mortara  D.C.  railway,  its  electrical  benr.viour 
may  rapidly  change  during  24  hours  as  a function  of 
the  stray  current  intensity  and  the  different  siting. 

Fig.  6 shows  the  results  of  the  measurements  carried 
out  in  two  different  periods  as  scheduled  in  Table  3. 
The  maxim'im  scatter  of  the  results  obtained  for  both 
potential  and  current  at  each  measurement  point  has 
been  indicated,  fhe  results  obtained  from  the  two 
test  cycles  are  very  similar  thus  proving  that  prac 
tically  no  variation  has  occurred  in  the  electric 
field  or  the  conductive  covering  during  a period  of 
one  year. 

The  analysis  of  the  electrical  conditions  shows  that 
the  conductive  covering  is  nearly  always  and  every- 
where at  such  potentials  as  to  reveal  a passivation 
of  the  carbon  contained  in  the  compound.  The  sever- 
est condition  is  observed  in  F position;  the  electri 
cal  situation  of  the  cable  samples  has  also  been  e 
valuated  and  five  of  them,  i.e.  tne  total  number  ex 
cept  for  the  sample  connected  to  the  main  cable  at  F, 
show  an  electrochemical  behaviour  which  is  similar  to 
that  of  main  cable  whereas  sample  6 (in  F position  ) 


is  in  a worse  situation  as  indicated  by  the  measurements; 
an  entry  current  of  approx  17  ^uA/cm2  has  been  measured 
at  some  intervals  during  a 24  hours  period. 

The  importance  of  the  laboratory  test  results  is  to  be 
emphasized  for  this  particular  cable  sample  for  which 
the  electrical  situation  was  particularly  severe. 

g)  Environmental  characteristics 

The  results  of  the  analysis  of  the  water  taken  from 
three  manholes  (one  near  K position)  and  from  the 
soil  adjacent  to  the  four  buried  cable  samples  in  F 
and  H are  reported  in  Table  4* 

The  soil  composition  in  the  different  route  posit iont 
is  sufficiently  uniform  and  comparable  to  the  average 
values  of  the  soil  generally  present  in  Italy;  the 
soil  resistivity,  on  the  contrary,  is  very  low  thu6 
involving  the  risk  of  possible  environmental  attack^ 

6.2.  Laboratory  tests 

Laboratory  tests  have  been  carried  out  on  samples 
taken  from  the  cable  field  sample  after  6 and  1b 
months  after  laying. 

The  measurements  carried  out  are  described  under 
paragraph  4 (items  g to  n)  and  reported  in  Table 
5 and  6,  namely: 

1 able  c)i  Ffoycical -chemical  (g-h-i)  and  mechanical 
(l-n)  tests 

.able  Electrical  tests  (n) 

Hie  results  of  the  measurements  carried  out  on  the 
cable  samples  after  lb  months*  operation  do  not 
differ  fro m the  original  ones,  thus  showing  that 
no  significant  decay  has  occurred  in  the  sheath. 

In  particular  no  significant  indication  of  decay 
or  surface  alteration  was  observed  eve  on  the  sam 
ple3  taken  from  F position  which  we re  subjected  to 
the  severest  electrochemical  stresses. 

Hew  results  are  expected  to  be  obtained  from  the  fu 
ture  experience  that  will  be  directed  to  systematic 
tests  on  samples  taken  from  the  field  cable  every 
12  months, 

7.  Conclusion 


Final  conclusions  cannot  be  draw  from  the  present  expe- 
rience but  the  results  are  so  encouraging  that  we  may 
expect  that  on  one  hand  the  experimental  investigations 
will  be  further  extended  and  on  tne  other  hand  the  first 
actual  application  of  the  conductive  covering  will  be 
achieved. 

The  following  program  is  under  study: 

- to  extend  the  use  of  FVC  conductive  coverings,  as  an 
outer  protection  on  the  armour,  to  trunk  cable  lery^hs 
of  the  order  of  $0  to  100  km  per  year. 

- To  install  other  experimental  lead  sheathed  cables 
with  outer  conductive  PVC  covering  in  links  of  10  to 
20  km. 

This  more  extensive  experimental  program  will  facilitate 
the  gathering  of  new  results  to  be  added  to  the  ones 
that  are  still  being  provided  by  the  first  trial  link. 
Both  technical  .and  economical  anects  of  the  industrial 
production  could  be  optimized  in  view  of  the  expected 
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wider  utilisation  of  this  conductive  compound. 
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Summa  ry 

This  paper  desdnbes  local  broadband  net- 
works, various  kinds  of  new  broadband  pair  type 
cables,  their  electrical  and  mechanical  characteris- 
tics and  cable  commercial  test  measurement  results. 
It  is  concluded  that  a direct  distribution  system  using 
baseband  transmission  system  with  broadband  pair 
type  cables  is  a desirable  broadband  network  for  the 
near  future. 

The  largest  size  broadband  pair  type  cable 
which  can  be  installed  in  NTT's  standard  conduits 
contains  320  pairs.  Each  conductor  is  insulated  by 

0.45  mm  thick  foamed  polyethylene  (SO  % blowing 
degree)  and  conductor  diameter  is  0.65  mm.  Unit 
shielded  cable  structure  is  adopted  so  as  to  reduce 
near-end  crosstalk.  Every  pair  in  a unit  is  twisted 
at  a different  pitch  to  decrease  far-end  crosstalk. 
Cable  loss  at  4 MHz  is  20  dB/km.  Furthermore, 
various  new  types  of  cables,  such  as  broadband 
termination  cable,  broadband  gas  pressure  plug 
cable  and  pair- shielded  stub  cable  (for  ITV  repeater 
use)  have  also  been  developed  and  have  attained 
superior  performance. 

NTT  has  conducted  commercial  tests,  using 
these  broadband  pair  type  cables,  since  the  end  of 
1975,  for  adoption  in  the  new  ITV  Service  in  Tokyo. 

In  addition,  measurements  of  lengthwise 
additive  features  for  high  frequency  crosstalk  in  a 
long  haul  route  show  that  average  crosstalk  value  in 
power,  increases  with  the  power  sum  rule  and 
crosstalk  distribution  functions  conform  with  the 
log-normal  distribution  or  the  two-dimensional 
normal  distribution. 

1 .  Introduction 

In  Japan,  the  demand  for  broadband  commu- 
nication services,  such  as  video- telephone,  ITV 
(Industrial  Television^  and  super  high  speed  data  and 
facsimile  telecommunication,  has  increased  year  by 
year.  According  to  long-range  estimates,  the 
number  of  video- telephone  subscribers  will  amount 
to  about  300,  000  within  the  next  1 5 years. 

In  using  existing  local  telephone  networks  for 
those  new-  services,  various  new-  problems  arise 
regarding  high  frequency  transmission  characteris- 
tics of  conventional  local  telephone  cables  and 
network  constitution.  Thus,  essentially  new 
approaches  were  taken  into  account  with  regards  to 
local  network  and,  recently,  n^w  pair  type  cables 


for  local  broadband  communication  networks,  which 
excel  in  economy  and  transmission  characteristics, 
were  successfully  developed. 

After  several  field  tests  conducted  since  1970,  NTT 
has  succeeded  in  improving  electrical  characteristics 
of  these  cables  and  developing  new  broadband  pair 
type  cables  for  commercial  use.  Since  the  end  of 
1975,  ITV  service  commercial  tests  using  these 
cables  have  been  conducted. 

This  paper  describes  the  constitution  of  local 
broadband  networks,  various  kinds  of  new  broadband 
pair  type  cables,  a summary  of  commercial  tests 
using  these  cables  and  the  lengthwise  additive 
features  of  FXT  (far-end  crosstalk). 

2.  Local  Broadband  Networks 

The  demand  for  broadband  communication 
services,  that  is,  video- telephone,  ITV  and  super- 
high  speed  data  and  facsimile  telecommunication  ha6 
increased  year  by  year.  These  services  will  effect 
a great  change  in  transmission,  exchange  and  local 
distribution  systems.  Many  types  of  local  distri- 
bution networks  are  considered  according  to  the 
quantity  and  quality  of  requested  services,  their 
demand  distributions  and  climatical  and  social 
circumstances  where  they  occur. 

It  is  necessary  to  establish  local  distribution 
networks  to  satisfy  essential  network  properties, 
readiness  to  meet  demands,  good  service  quality  and 
economical  considerations.  It  may  be  possible  to 
supply  broadband  communication  services  using 
existing  telephone  networks  when  such  demand  is 
small.  However,  as  the  demand  increases,  it 
evidently  becomes  difficult  to  use  the  existing  tele- 
phone netw-orks  because  of  many  restrictions,  such 
as  crosstalk,  pair  selection  and  increased  number 
of  repeaters.  Therefore,  it  is  necessary  to 
construct  local  broadband  networks  besides  the 
existing  telephone  networks. 

Essential  factors  to  study  on  local  broadband 
networks  are  as  follow: 

(1)  Basic  network  configurations 

(2)  Local  distribution  and  transmission  systems 

(3)  Transmission  media 

2.  1 Basic  Network  Configurations 

Basic  network  configurations  are  classified  as  follow: 
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(1)  Star  configuration 

(2)  Branch  configuration 

(3)  Loop  configuration 

(4)  Complex  combinations  of  the  above  three 
configurations 

General  view  of  these  four  configurations  are  shown 
in  Fig.  1. 

2.  2 Local  Distribution  and  Transmission  Systems 

Local  distribution  systems  are  classified 
into  direct  distribution  systems  and  distribution 
systems  with  line  concentrators.  Transmission 
systems  are  classified  into  baseband  transmission 
system  and  multiplexing  transmission  system. 

(1)  Direct  Distribution  System 

This  system  connects  each  subscriber  direct- 
ly to  the  telephone  office. 

(2)  Distribution  System  with  Line  Concentrators 

In  this  system,  line  concentrators  are 
installed  between  subscribers  and  the  office,  which 
concentrates  several  subscriber's  calls  into  one 
multiplexed  channel  and  so  shares  one  channel 
among  them. 

(3)  Baseband  T ransmission  System 

This  system  transmits  voice  or  video  signal 
without  modulation. 

(4)  Multiplexing  Transmission  System 

In  this  system,  multiplexers  are  installed 
between  each  subscriber  and  the  office  and  trans- 
mits multiplexed  signals  by  frequency  division  or 
time  division  modulation. 

2.  3 Transmission  Media 

Transmission  media,  as  shown  in  Table  1, 
can  be  applied  in  local  broadband  networks. 


concent  rating  - multi  plexing  transmission  system  with 
optical  fiber  cables,  etc.  to  be  ideal  if  economy  is 
to  be  satisfied  in  the  future. 

However,  configuration  S\  is  the  most  effective  as  a 
temporary  network  for  interim  use  before  reaching 
the  future  goal. 

In  view  of  the  above  mentioned  stand  points, 
NTT  has  started  developmental  research  on  new' 
broadband  pair  type  cables  for  broadband  communi- 
cation services  since  1970.  Details  of  these  cables 
are  reported  in  the  following. 

3 • Various  Kinds  of  New  Broadband  Pair 

Type  Cables 

3.  1 Broadband  Pair  Type  Cable  System  Constitution 

The  broadband  transmission  cable  for  base- 
band transmission  of  broadband  signals,  such  as 
TV  signals,  requires  a superior  electrical  perfor- 
mance as  well  as  easy  construction  and  maintenance 
work  similar  to  that  of  conventional  telephone  cables. 
For  this  reason,  it  is  necessary  to  use  cables  with 
the  most  suitable  structure  and  performance  in 
accordance  with  their  application. 

The  broadband  pair  type  cables  are  mainly 
used  as  junction  cables  between  offices.  The  broad- 
band pair  type  cable  system  requires  good  gas 
pressure  plug  airtightness  and  easy  termination  work 
in  the  cable  lead-in  parts  to  the  offices. 

However,  it  has  proved  difficult  to  construct  a 
reliable  pressure  plug  for  broadband  pair  type  cable 
in  the  field. 

Results  are  that  it  is  desirable  to  manufacture  short- 
length  cables  with  reliable  gas  pressure  plug  in  the 
factory  and  splice  them  to  the  broadband  termination 
cables. 

Furthermore,  stub  cables  are  required  to 
connect  a manhole  repeater  with  the  broadband  pair 
type  cable.  In  the  telephone  office,  broadband 
switchboard  cables  are  also  required,  to  connect 
main  distribution  frame  (MDF)  with  intermediate 
station  repeaters. 


2.  4 Local  Broadband  Distribution  Network  Consti- 
tution and  Broadband  Pair  Type  Cable 
Development 

As  mentioned  previously,  various  types  of 
network  constitutions  could  be  considered  possible 
by  combining  these  three  constitution  factors. 
However,  considering  the  properties  of  each  factor, 
proper  combinations  are  limitted  to  some  extent. 

As  a result,  local  distribution  networks  include  only 
those  listed  on  Table  2. 

It  is  difficult  to  find  the  most  effective  local 
broadband  distribution  network  among  them.  The 
applicable  network  for  the  near  future,  configuration 
Sj  in  Table  2,  the  baseband  transmission  system 
using  pair  type  cable,  is  promising  from  economical 
considerations  and  ease  of  installation  and  cable 
splicing  work.  It  is  out  of  the  question  for  local 
broadband  distribution  networks,  using  a line 


For  the  reasons  described  above,  the  broad- 
band pair  type  cable  system  has  been  made  up  with 
cables  having  the  structure  and  performance  shown 
in  Fig.  2. 

(1)  Broadband  Pair  Type  Cable 

Main  broadband  transmission  line  is  made 
up  of  this  cable,  which  contains  both  broadband 
pairs  and  voice  pairs.  The  broadband  pairs  possess 
excellent  electrical  performance  (attenuation  and 
crosstalk  characteristics). 

(2)  Broadband  Gas  Pressure  Plug  Cable 

This  cable  is  used  as  a gas  pressure  plug 
for  broadband  pair  type  cables  in  a telephone  office 
cable  vault.  It  has  good  airtightness  and  is  easily 
installed. 
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(3)  Broadband  Termination  Cable 

This  cable  is  used  lor  terminating  broadband 
pairs  between  MDF  and  cable  vaults,  and  is  easily 
installed  and  terminated. 

(4)  Pai  r- shielded  Stub  Cable 

This  cable  is  used  to  connect  repeators  in  a 
manhole  with  broadband  pair  type  cables.  Stub  cable 
structure  has  superior  crosstalk  characteristics  in 
the  wiring  in  the  housing  and  lias  superior  air- 
tightness  in  the  gas  pressure  plug  part. 

(5)  Broadband  Switchboard  Cable 

This  cable  is  used  for  the  office  wiring  of  the 
broadband  pairs  between  MDF  and  intermediate 
station  repeaters.  It  has  superior  electrical  perfor- 
mance (very  small  deviation  in  attenuation  and  cross- 
talk characteristics). 

3.  2 Cable  Structure 

This  section  describes  cable  structures 
including  the*  development  study.  Structures  of 
various  cables  which  are  in  practical  use  are  shown 
in  Table  3 and  Fig.  3. 

(1)  Broadband  Pair  Type  Cable 

It  was  most  important  to  take  many  factors 
into  consideration  in  determining  the  broadband  pair 
type  cable  structure.  These  factors  include  costs  of 
repeaters,  cable  installation  and  underground  plant 
construction.  A study  was  conducted  to  determine 
the  most  suitable  cable  attenuation  and  pair  and  unit 
structure  for  minimum  cost  broadband  transmission 
lines.  As  a result,  it  has  been  found  that  the  most 
suitable  cable  attenuation  is  20  dB /km  at  4 MHz. 

Pair  structure  has  been  adopted  in  w'hich  0.45  mm 
thick  foamed  polyethylene  (PEF)  insulation  (50  % 
blowing)  is  coated  on  a 0.65  mm  diameter  copper 
conductor. 

Furthermore,  to  avoid  pair  selection  restric- 
tion due  to  crosstalk,  which  is  a weak  point  of 
existing  local  telephone  cables,  small  pair  unit 
structure  has  been  adopted.  Crosstalk  among  units 
can  be  avoided  by  wrapping  a lapped  double  layer  of 
thin  laminated  aluminum  polyethylene  (LAP)  tape 
(0.  025  to  0.  030  mm  thick  aluminum)  on  each  unit. 
Transmissions  in  the  same  unit  are  performed  only 
in  the  same  direction,  so  that  restrictions  due  to 
NXT  can  be  avoided. 

The  number  of  pairs  in  the  unit  determines 
the  maximum  number  of  pairs  accommodated  in  the 
cable  and  the  FXT  in  the  unit.  From  economical 
efficiency  considerations,  it  is  desirable  to  accom- 
modate as  many  pairs  as  possible  in  a fixed  diameter 
cable,  too  many  pairs  in  one  unit  could  yield  an 
adverse  FXT  combination.  For  these  reasons,  the 
number  of  pairs  in  one  unit  is  fixed  at  20  pairs. 
Moreover,  in  order  to  reduce  the  FXT  in  one  unit, 
twisting  pitches  in  all  pairs  are  different.  As  the 
result  of  these  studies  it  has  been  possible  to 


transmit  4 MHz  signals  without  pair  selection.  The 
pair  number  in  the  unit  is  identified  by  the  tracer  pair 
and  the  unit  number  is  identified  by  the  color  of  tape 
wrapped  around  the  unit.  In  addition  to  the  broadband 
pair,  there  are  also  as  many  or  more  voice  pairs  as 
there  are  broadband  pairs  for  power- feeding,  talking 
and  manhole  repeater  supervision.  (Fig.  4 is  a 
picture  of  the  broadband  pair  type  cable) 

(2)  Broadband  Gas  Pressure  Plug  Cable 

Since  the  broadband  gas  pressure  plug  part 
is  larger  in  diameter  than  an  ordinary  cable  part  and 
cannot  be  passed  through  conduits,  this  cable  is 
carried  directly  to  the  cable  vault.  Moreover, 
considering  easy  installation  work,  the  length  of  this 
cable  has  been  fixed  at  7.  5 m. 

Solid  PE  insulation  is  adopted  for  complete 
air- tightness  of  the  gas  pressure  plug  part. 

Conductor  diameter  is  0.  5 mm  to  maintain  the  same 
impedance  as  the  broadband  pair  type  cable.  Trans- 
mission loss  does  not  cause  a major  problem  because 
the  cable  length  is  short. 

The  cable  structure  is  the  same  as  that  of  the 
broadband  pair  type  cable,  except  for  the  insulation. 
The  gas  pressure  plug  part  is  filled  with  compound, 
as  shown  in  Fig.  5,  after  peeling  the  cable  sheath 
off  and  replacing  LAP  tape  on  the  unit  with  porous 
metallic  tape  to  prevent  crosstalk  characteristics 
deterioration. 

(3)  Broadband  Termination  Cable 

Considering  easy  installation  and  terminating 
work  and,  splices  between  various  kinds  of  broad- 
band pair  type  cable  pairs,  the  number  of  pairs  is 
determined  as  80  and  100  pairs.  Conventional  termi- 
nation cables  are  used  for  the  voice  pair  terminations. 
Solid  PE  insulation  is  adopted  for  the  mechanical  and 
thermal  requirements  in  the  installation  and  termi- 
nation work,  instead  of  PVC  insulation  which  is 
inferior  in  electrical  characteristics.  Conductor 
diameter  is  0.  5 mm  to  keep  the  same  impedance  as 
the  broadband  pair  type  cable.  The  external  diameter 
of  the  insulated  conductor  is  almost  the  same  as  that 
of  0.6  mm  PEF  insulated  conductor.  Transmission 
loss  does  not  cause  a major  problem,  because  cable 
length  is  very  short. 

Unit  structure  is  the  same  as  that  of  the 
broadband  pair  type  cables. 

The  sheath  structure  is  fire-proof  PVC  sheath, 
because  it  is  used  in  intra-office  line  installations. 

(4)  Pair- shielded  Stub  Cable 

The  stub  cable  consists  of  shielded- pairs 
transmitting  the  broadband  signals  and  interstitial 
pairs  used  for  power- feeding,  supervision  and  talking. 

In  order  to  meet  the  severe  crosstalk  standards 
and  prevent  deterioration  in  crosstalk  characteristics 
in  wiring  parts  in  the  housing,  shielding  is  applied  to 
every  pair  by  metallic  braiding.  Additional  unit 
shielding  is  applied  to  the  units  by  LAP  tape. 
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Conductor  diameter  is  0.  5 mm  and  PEF  insulation 
is  adopted  for  the  cable  conductor  insulation,  taking 
into  account  the  effect  of  the  metallic  braiding  on 
characteristic  impedance.  Furthermore,  surface 
treatment  is  performed  on  the  conductor  insulation 
for  easy  gas  pressure  plug  formation,  resulting  in 
good  adhesiveness  to  compound. 

The  sheath  is  the  same  LEPETH  structure  (Lead  + 
PE)  as  conventional  stub  cables. 

3.  3 Electrical  Characteristics 

The  electrical  specifications  of  various  kinds 
of  new  pair  type  cables  are  shown  in  Table  4. 

Various  transmission  characteristics  of  the  broad- 
band pair  type  cables  are  mainly  described  below. 
Various  crosstalk  characteristics,  such  as  FXT 
lengthwise  additive  features  are  described  in  detail 
in  Section  6 . 

3.3.1  Broadband  Pair  Type  Cable 

(1)  Secondary  Constants 

Frequency  characteristics  of  secondary 
constants  are  shown  in  Fig.  6.  The  characteristic 
impedance  at  high  frequencies  converges  to  about 
140  ohms.  The  attenuation  constant  approximately 
follows  /f~  characteristics  at  high  frequencies  and  is 
about  20  dB/'km  at  4 MHz.  Tliis  value  is  lower  by 
around  30  % than  the  attenuation  constant  of  0.  65 
mm  toll  PEF  cables,  which  have  been  used  in  NTT 
as  toll  transmission  lines,  owing  to  making  the 
characteristic  impedance  higher.  (The  character- 
istic impedance  of  0.  65  mm  toll  PEF  cables  is 
about  120  ohms.  ) 

(2)  Insertion  Loss  Frequency  Characteristics 

With  input  and  output  impedances  of  140  ohms, 
insertion  loss  frequency  characteristic  measurement 
results,  taking  line  length  as  a parameter,  are  shown 
in  Fig.  7. 

(3)  Near-end  Crosstalk  Characteristics 

FXT  measurement  results  are  described  in 
Section  6.  The  near  end  crosstalk  attenuation 
between  units  is  more  than  115  dB/250  m at  4 MHz 
on  the  average,  and  its  standard  deviation  is  4 to  5 
dB.  The  worst  value  is  95  dB/250  m.  However, 
this  never  causes  any  problem  in  the  transmission 
performance.  Frequency  characteristics  are  shown 
in  Fig.  8.  Characteristics  remain  approximately 
flat  up  to  10  MHz,  due  to  the  shielding  tape  effect. 

3.3.2  Broadband  Gas  Pressure  Plug  Cable 

The  important  characteristic  here  is  the 
NXT  between  units.  Frequency  characteristics  are 
shown  in  Fig.  9. 

3.3.3  Broadband  Termination  Cable 

Impedance  frequency  characteristics  and 
attenuation  constants  are  shown  in  Fig.  10.  The 
worst  value  of  the  far-end  crosstalk  attenuation  in 


the  unit  is  50  dB/200  m at  4 MHz.  That  of  the  near- 
end crosstalk  attenuation  between  units  is  115  dB/ 

200  m at  4 MH z. 

3.  3.  4 Pai r- shielded  Stub  Cable 

The  worst  value  of  NXT  between  un.ts  is  120 

dB/  8 m at  4 MHz. 

3 . 4 Mechanical  Characteristics 

LAP  sheath  is  used  in  the  broadband  pair  type 
cables.  This  LAP  sheath  ha6  been  adopted  in  NTT 
as  local  CCP  cable  and  multi-pair  PEF-LAP  junction 
cable  sheath.  It  has  superior  moisture-proof  and 
mechanical  characteristics.  The  gas  pressure  plug 
mechanical  performances  of  broadband  gas  pressure 
plug  cahle  have  been  studied  closely.  To  investigate 
the  performance  deterioration  of  the  gas  pressure 
plug  part  due  to  a change  in  atomospheric  tempera- 
ture, a heat  cycle  test,  ranging  from  70#C  to  -20  °C, 
has  been  performed  at  100  cycles,  without  perform- 
ance deterioration.  To  simulate  slight  repeated 
vibration  on  the  gas  pressure  plug  part,  jf  10  mm 
amplitude  vibration  and  600  cpm  has  been  continu- 
ously applied.  Results  show  that  the  part  withstands 
more  than  1 million  vibrations.  Furthermore,  the 
part  is  designed  to  withstand  a tension  of  500  kg, 
taking  into  consideration  abnormal  tension,  such  as 
cable  creeping  phenomenon. 

3.  5 Spiicmg  and  Jointin g Method 

3.  5.  1 Splicing  of  Broadband  Pairs 

Both  manual  twisting  and  connector  splicing 
method^can  be  considered  as  pertinent  broadband 
pair  splicing  methods.  The  advantage  of  the  former 
is  that  the  splice  is  small.  On  the  other  hand,  its 
disadvantage  is  that  the  contact  resistance  may 
increase  or  tensile  strength  may  decrease  over  a 
long  time.  For  this  reason,  intermittent  discon- 
nections may  sometimes  occur  because  of  vibration 
in  the  splicing  part.  This  results  in  an  increase  in 
bit  error  rate  or  synchronization  failure. 

The  connectors  adopted  here  have  been 
developed  aiming  at  splicing  work  man- power  saving 
and  achieving  high  quality  multi-pair  telephone  cable 
conductor  splicing  in  NTT.  Furthermore,  extra 
splicing  conductor  length  is  shortened  to  prevent 
crosstalk  performance  deterioration. 

3.  5.  2 Sheath  Jointing  Method 

An  auxiliary  lead  sleeve  roller- squeezing 
method  is  used  in  NTT  as  a sheath  jointing  method 
on  gas  pressurized  LAP  sheathed  cable.  This 
method  is  adopted  to  the  broadband  pair  type  cable 
sheath  joint. 

4 . Automatic  Crosstalk  Measuring  Apparatus 

It  is  necessary  to  measure  the  FXT,  NXT, 
insertion  loss  and  characteristic  impedance  to 
guarantee  transmission  characteristics  after  the 
installation  of  broadband  pair  type  cables. 
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In  case  of  far-end  crosstalk  attenuation  within 
a unit,  which  amounts  to  a total  of  190  combinations, 
much  measuring  time  is  necessary  when  using 
conventional  apparatus  and  manual  measuring  method. 
Furthermore,  the  crosstalk  measurement  in  high 
frequency  range  reduces  measurement  reliability  and 
makes  it  difficult  to  get  the  same  measurement 
results  repeatedly  on  account  of  a very  low  signal 
level.  A reliable  automatic  crosstalk  measuring 
apparatus  has  been  developed  to  overcome  these 
difficulties . 

Signal  oscillating  unit  and  level  measuring 
unit  of  this  equipment  has  20  measuring  channels. 
Each  of  20  pairs  in  a unit  can  be  connected  to  these 
channels  through  connectors.  The  measuring 
channel  combination  can  be  selected  automatically. 
Measurement  results  are  displayed  in  7 digits  and 
printed  out  on  paper  at  the  same  time.  A paper  tape 
punch  can  be  attached  for  data  processing  by 
com  puter . 

This  apparatus  is  small  in  size  and  light  in 
weight.  Therefore  it  can  be  easily  used  in  a manhole 
and  so  on. 

The  main  features  of  this  apparatus  are  shown  in 
Table  5.  Pig.  11  is  a picture  of  the  apparatus. 

5.  Commercial  Test  Summary 

Based  on  the  results  of  several  field  tests, 
new  broadband  pair  type  cables  have  become  feasible 
due  to  their  superior  electrical  and  mechanical 
characteristics.  They  have  been  in  commercial  use 
in  Tokyo  since  the  end  of  1975. 

These  cables  are  used  as  transmission  media 
for  Metropolitan  Police  Department  Traffic  Control 
System,  in  which  a 4MHz-ITV  transmission  system 
is  adopted. 

Broadband  pair  type  cable  line  length  is  about  20  km 
out  of  60  km  total  line  length  and  the  rest  are  existing 
local  telephone  cables.  In  this  test,  these  broadband 
pair  type  cables  are  used  mainly  for  junction  cables 
between  offices  where  there  is  heavy  traffic. 

Through  this  test,  technical  research  has  been  under 
way  on  installation,  splicing,  electrical  character- 
istics and  maintenance  of  these  broadband  pair  type 
cables.  The  results  of  this  commercial  test  will 
clarify  many  problems  in  application  to  local  broad- 
band networks. 

The  following  section  briefly  describes  the 
results  of  FXT  measurement,  which  is  especially 
important  for  these  cables. 

6.  Far-end  Crosstalk  Measurement  Results 

Broadband  pair  type  cables  have  excellent 
near-end  crosstalk  characteristics  which  are 
sufficiently  good  to  preclude  any  significant  factors 
from  limiting  repeater  gain.  Some  theories  have 
dealt  with  the  additive  far-end  crosstalk  features  of 
long  distance  transmission  lines.  However,  few  of 
these  theories  are  found  to  be  proved  by  far-end 
crosstalk  measurement  results. 


Therefore,  measurement  of  such  crosstalk  is 
essential  to  determine  the  maximum  transmission 
length.  It  is  interesting,  from  a theoretical  view- 
point, to  observe  how  the  crosstalk  distribution 
function  pattern  and  average  value  vary  as  the 
transmission  length  increases.  The  following 
sections  discuss  additive  far-end  crosstalk  feature 
measurement  results. 

6 . 1 Distribution  Function  Pattern  and  Crosstalk 
Lengthwise  Additive  Features 

Crosstalk  derives  from  electromagnetic  and 
electrostatic  couplings  in  cables  and  repeaters. 

This  crosstalk  is  most  annoying  in  cables.  Lack  of 
uniformity  in  cable  pairs  appearing  at  various  points, 
which  is  attributable  to  the  production  process,  is 
considered  to  be  a cause  of  such  crosstalk.  This  is 
why  crosstalk  in  cables  shows  a certain  distribution 
function  pattern,  for  instance,  the  log-normal 
distribution  or  the  two-dimensional  normal  distri- 
bution. Where  a transmission  line  extends  over  a 
long  distance,  the  crosstalk  distribution  pattern,  the 
average  value  and  the  standard  deviation  value  have 
been  studied  from  various  theoretical  aspects,  but 
few  reports  have  beenpublished  on  the  crosstalk 
measurement,  itselrr^rThis  report  discusses  the 
results  of  various  experiments  that  have  been 
performed,  mainly  to  determine  the  additive  features 
of  FXT  in  broadband  pair  type  cables  on  commercial 
test  routes. 

6.1.1  Measurement  Routes 

Fig.  12  shows  an  outline  of  crosstalk 
measurement  routes.  Capital  letters  in  the  figure 
represent  intermediate  station  repeaters,  while  the 
small  letters  indicate  repeaters  installed  in  man- 
holes. Measurement  was  conducted  of  all  pair 
combinations  within  a unit,  which  amounted  to  a 
total  of  190.  Cable  lines  between  telephone  exchanges 
A,  B and  C were  connected  in  due  order  at  A and  C 
to  provide  additional  transmission  line  return  sections 
so  that  the  total  length  of  line  to  be  measured  could 
be  extended. 

6.1.2  Crosstalk  Distribution  and  Additive  Features 

The  additive  features  of  far-end  cross^lk 
attenuation  can  be  reasonably  represented  by  the 
average  value  of  such  crosstalk.  Fig.  13  and  14 
show  the  lengths  of  transmission  lines  in  the  abscissa 
axis  and  the  average  value  of  far-end  crosstalk 
attenuation  at  4 MHz  in  the  ordinate  axis.  As 
illustrated  in  these  figures,  the  average  value 
becomes  aggravated  in  accordance  with  -A  log  L, 
whose  coefficient  A varies  depending  on  the  combi- 
nations of  crosstalks. 

In  case  of  all  pair  combinations  of  crosstalk  within 
a unit  : 

Average  value  in  dB  A = 14.46 

Average  value  in  power  A = 11.72 

In  case  of  all  pair  combinations  of  crosstalk  between 
adjacent  pairs  : 

Average  value  in  dB 
Average  value  in  power 


A = 12.22 
A = 10.62 


The  average  cro.stalk  attenuation  in  power 
varies  approximately  in  accordance  with  the  power 
sum  of  -10  log  L.  This  does  not  exactly  represent 
the  power  sum  rule,  because  some  of  the  coupling 
distribution  characteristics  in  the  cable  and  of  the 
coupling  characteristics  at  the  joints  would  deviate 
from  the  rule. 

The  distribution  of  crosstalk  attenuation  is 
discussed  in  the  following  paragraphs.  As  mentioned 
in  Section  6.  1,  the  log-normal  distribution  and  the 
two-dimensional  normal  distribution  are  the  two 
conceivable  patterns  of  crosstalk  distribution  appear- 
ing in  transmission  lines. 
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Formulas  (6)  through  (8)  below  show  distri- 
bution functions  of  x,  where  parameter  b=0  or  b=  1 . 


For  b=0 


’0(x)  = pcu)dx  = exp{-e 


2(C-X*)j 


(6) 


Here,  the  probability  density  function  of  log- 
normal distribution  can  be  given  in  the  following  : 


£<x)  = 


(lnX-  Xof 
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where 


X 


XP0(Odl  = 4 (A+  ) 

Zo  (7) 


A = 0.577215  (Euler's  constant) 


where 


X - crosstalk  value 
O'  = standard  deviation 
X,  = average  value 
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For  b=l 


The  distribution  function , formula  (2)  below, 
can  be  represented  as  a straight  line  on  a normal 
probability  graph  paper. 
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The  two-dimensional  normal  distribution  is 
discussed  below.  Considering  that  crosstalk  is 
attributable  to  unbalanced  admittance,  Y = {;  + 

> between  the  inducing  circuit  and  the  induced 
circuit,  the  distribution  of  ( £ , ) usually  forms 

a two-dimensional  normal  distribution  with 
covariance  0 and  average  value  (0,  0),  according  to 
measurement  results  obtained  by  NTT. 


Thus,  probability  density  function  p ( £ , 7 ) 

is  expressed  in  the  following  : 


where  0$  and  CT^  represent  the  standard  £ and  £ 
deviation. 

The  relation  between  ^ and  the  far- end 
crosstalk  attenuation  x can  be  expressed  in  the 
following  formula  : 


T“\  x / I ~ ( X ~ Xe ) I 

Pt<‘>  =1  -^{/re  t (8) 

where  t 

2 l - U1 

$<t>-  j^e  dU 

It  should  be  noted  that  x and  xe  in  the  above 
formulas  are  in  Neper. 

The  distribution  functions  of  Po  (x)  and  Pj(x) 
are  shown  in  Fig.  15  with  x - xe  as  the  abscissa 
axis  in  dB. 

These  functions  can  be  described  as  follow  : 

(a)  Since  3$  =0  for  Pi(x),  there  is  no  portion  of 
crosstalk  that  is  induced  from  the  real  part 
of  Y , it  i»  only  induced  from  the  imaginary 
part.  It  is  considered  to  be  a crosstalk 
distribution  as  is  seen  where  the  phase  of  the 
crosstalk  signal  deviates  by  90*  or  -90°  from 
the  original  signal  only  due  to  electromagnetic 
coupling  or  electrostatic  coupling.  The  phase 
cannot  be  varied  at  random  by  an  amplifier 

or  any  other  device. 

(b)  For  Po  (x),  = 0?  , this  is  considered  to  be 

a crosstalk  distribution  as  is  seen  where  the 
crosstalk  signal  phase  can  be  changed  at 
random. 


X - In  (Neper)  (4) 

Z.ol  T I 

where  Zo  represent*  the  circuit  characteristic 
impedance. 


Based  on  the  above-mentioned  basic  patterns 
of  distribution  and  measurement  results,  the  distri- 
bution patterns  in  a cable  length  or  in  a long 
transmission  line  are  discussed  below. 

Fig.  16  shows  two  examples  of  crosstalk  distribu- 
tion in  a 250  m long  cable  : 


Formular  (3)  can  also  be  expressed  by  the 


(a)  all  pair  combinations  of  crosstalk  within 
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li  unit  (amounting  to  190  combinations  per 
unit)  ; and  (b)  the  combinations  of  crosstalk 
between  adjacent  pairs  (25  combinations  per 
unit). 

The  category  (a)  combination  can  be  used  for 
cable  crosstalk  characteristics  estimation,  while 
category  (b)  can  be  used  for  that  of  the  worst  cross- 
talk value. 

Fig.  16  also  indicates  : 

(a)  In  the  case  of  all  combinations  of  crosstalks 
within  a unit,  crosstalk  distribution  is  in 
log-normal  distribution. 

(b)  In  the  case  of  all  combinations  of  crosstalks 
between  adjacent  pairs,  which  have  certain 
specific  characteristics,  the  comparatively 
worse  pari  of  crosstalk  distributions 
conforms  with  the  two-dimensional  normal 
distribution  at  b=l. 

Fig.  17  and  18  illustrate  the  changes  in 
distribution  patterns  in  accordance  with  trans- 
mission line  length. 

Fig.  17  shows  the  distribution  pattern 
variation  in  case  of  all  pair  combinations  within  a 
unit.  Each  of  these  curves  can  be  considered  as 
a rectilinear  form  that  shows  a log -normal  distri- 
bution. It  should  be  noted,  however,  that  the 
inclination  of  these  straight  lines  increases  (i.  e. 
their  standard  deviation  decreases)  as  the  trans- 
mission line  becomes  longer,  and  that  the  crosstalk 
tends  to  converge  around  a certain  average  value. 

Meanwhile,  Fig.  18  describes  changes  in  the 
distribution  patterns  in  the  case  of  combinations  of 
crosstalks  between  adjacent  pairs.  Curve  (T)  in  this 
figure,  where  L=l.  5 km,  represents  the  distribution 
pattern  of  Pj  (x)  which  is  approximately  the  same  as 
in  the  case  of  a cable  length.  On  the  other  hand, 
curve  (D  , where  the  transmission  line  extends  over 
a fairly  long  distance,  assumes  rather  the  distri- 
bution pattern  of  Po  (x). 

This  is  probably  attributable  to  the  random 
shift  in  crosstalk  phase  which  has  been  caused  by 
numerous  amplifiers  being  inserted  at  various 
intermediate  points  along  the  transmission  line,  as 
mentioned  above. 

6.1.3  Crosstalk  Frequency  Characteristics 

Table  6 describes  the  relation  between 
transmission  line  length  and  crosstalk  frequency 
characteristics,  while  Fig.  19  shows  frequency 
characteristics  of  average  values.  These  data 
indicate  that  the  frequency  characteristic  remains  at 
20  log  f or  6 dB/octave,  regardless  of  changes  in 
transmission  line  length,  and  that  the  standard 
deviation  has  a tendency  to  become  slightly  larger  as 
frequency  increases. 

6.1.4  Multiple  Crosstalk 

Fig.  20  shows  multiple  crosstalk 


attenuation  measurement  results  obtained  from  a 
3.  1 km  long  transmission  line.  It  has  been  found 
that  the  average  value  of  the  multiple  crosstalks  in 
power  adds  up  in  accordance  with  approximate  -10 
log  n (where  n : number  of  systems).  However,  no 
experiment  for  specific  evaluation  purposes  has  so 
far  been  reported  to  determine  the  relation  between 
additive  features  of  multiple  crosstalks  at  such 
single  frequency  and  those  at  actual  signals  particu- 
larly of  a color  television.  This  is  a problem  which 
must  be  studied  in  the  future. 

7.  Conclusion 

This  paper  mainly  describes  the  new  broad- 
band pair  type  cable  and  its  commercial  tests. 
Conclusions  may  be  outlined  as  follows  : 

(0  Broadband  local  networks  can  possibly  assume 
many  different  forms,  depending  on  the  demand 
distribution  and  density,  distribution  systems,  trans- 
mission systems  and  media,  and  types  of  services. 
As  a type  of  network  for  the  near  future,  however,  it 
is  desirable  to  adopt  a direct  distribution  system 
using  baseband  transmission  system  with  broadband 
pair  type  cables. 

(2)  Various  kinds  of  broadband  pair  type  cables, 
required  for  composing  broadband  local  networks, 
have  been  successfully  developed. 

(a)  The  broadband  pair  type  cable  has  sufficient 
capability  to  transmit  4 MHz  signals  at  as 
low  attenuation  as  20  dB/km  without  any 
pair  selection. 

(b)  Various  other  kinds  of  broadband  pair  type 
cables  have  also  shown  excellent  electrical 
and  mechanical  characteristics. 

(3)  The  commercial  test  has  brought  about  the 
following  achievements  regarding  the  measurement 
of  FXT,  which  are  of  particular  importance  : 

(a)  A new  automatic  crosstalk  measuring 
apparatus  has  been  developed,  which  is 
capable  of  providing  substantial  man-power 
savings, 

(b)  Through  intensive  studies  on  crosstalk 
additive  features,  it  has  been  found  that  the 
average  crosstalk  attenuation  value  adds 
approximately  in  line  with  the  power  sum 
rule.  It  has  been  also  proved  that,  although 
the  distribution  patterns  of  crosstalk  vary, 
depending  on  kinds  of  combinations,  such 
patterns  conform  with  the  log-normal 
distribution  or  the  two-dimensional  normal 
distribution. 

(c)  The  crosstalk  frequency  characteristics  have 
been  proved  to  conform  with  6 dB/  octave, 
regardless  of  the  transmission  line  length. 
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Vanoua  Trinimimon  Media  for  Broadband  Local  Nttworhe 


T rtnimiiiion 
Media 


La  rgeet  S:  *e  Cable 

in  7 5mm  Conduit 


Conventional  Local 
Telephone  Cable 
(0.  5mm 

Paper- in  aula  ted  cable) 

0.65mm  Broadband 
Pair  Type  Cable 


. 2 ' 4 4 Coaxial 
Cable 


2.  6/9.  5 Coaxial 
Cable 


4.4/17  Local 
Coax.al  Cable 


58  dB/k a 
at  4MHt 


54  dB/k* 
at  100  VHt 

2 ) dB/k* 
at  100MHz 

27.  5 dB/k* 
at  288MHz 


80  Coaxial- pair* 


1 8 Coaxial-  pairs 


Single  pair 


Good  Space  Occupancy  Factor 
Inferior  Electrical  Cha racteriatica 
in  High  Frequency  Range 


For  Broadband  Tranemiaeion  Uae 
Excellent  Electrical.  Characteristic* 
in  High  Frequency  Range 

For  Multiplexing  Tratiimution  Uae 
in  High  Frequency  Range, 
especially  r,ow  for  Toll 
Multiplexing  Tranimitnon  Line  Uaa 

Low  Loa » Cable  for 
CATV  Uae 


Opfical  Fiber  Cable 
1 (Glad-Type  Fiber) 


at  0 8 y r 
optical  wav 


A lew  "hundred  corea 


For  Optical  Communication  Uae 
Two  Typea  of  Clad-Type  Fiber 
and  Convergent- Type  Fiber 


Table  * 2.  Lo.  1 IV  • r.L  .on  Nciworn  Cla  a aific.H  ion 


Network  j Dietributic 
Conf.guration  | Syatem 


Direct* 

Diatributlon 


Tranemiaeion  System 


Tranartuaaion  | Demand  Demand 


Feeder  Diatribution 

, . Medium  Diatribution  Denaity 

Line  Line  ' 


..  .»  Balanced  pair  _ High 

Baacoand  T ranarruaaion  i Diapcraion  . 

cable  | K Low 

1 Balanced  pair  j Concentration  Low 

cable  ) 

Multiplexing  T ranarruaaion  I Diaperaion  High 



Coaxial  cable  . 

_ , , 1 Diaperaion  High 

Optica*  fiber  r * 


Multiplexing  Trar.rrru vaion 


j Coaxial  cable  I Concentration  | High 


Diaperaion  High 


I £irect.  I Coaxial  cable  J 

***>  | Distribution  J Multiplexing  Tran.mia.ion  | 0pli.4,  fiber  | Di.pereion  Low 

j Multiplexing  ] Coaxial  cable  j 

I T rananuaaion  , t Diaperaion  High 

; Die-. r.'.ution  j Multiplexing  1 . v'l,'‘ir'>  1 cr 

_ , witnl.no  T ranarruaaion  J balanced  pair  „ 

Complex  . . Concentration  uow 

! concentrators  Baecband  | cable 

Trananueaion  ! Coaxial  cable 

l“CI  ; OpUcal  (.bar.  Di>P”..o*  H,eh 


„ . , Concent  ration  Low 

n . . ~ . . Balanced  peir 

Baseband  Tranarruaaion  _ . - I 

1 Diaperaion  j High 


j Application 
Area 


La  rgc  c ity 
Small  city 
Count  ry 

Small  city 
Country 


La  rgc  city 
businc at  d.  * 
shopping  d. 


rcdidi  utial  d. 
factory  d. 

Large  city 
buxim-sa  d. 
shopping  d. 

La  rgc  city 
residential  d. 
factory  d. 

.Small  city 

La  rgc  city 
re  anient  *al  d. 


I Small  city 
I Country 


j Small  city 
, Cour.try 


T clcphony 
B road  band 


Broadband 

aervice 


* ; diatnct 


Table  - 3. 


u . . , Broadband  Caa  Broadband 

Broadband 

P.,r  T,p«  C.M.  p‘“l  T.rmm.11.1. 

Cable  Cable 


Pair  - Shielded 
Stub  Cable 


Conductor  0.63mm  Copper  O.imm  Copper  0.3mm  Copper  0.  3mm  Copper 


Broadband 
Switchboa  rd 
Cable 

0.3m  Tinned 
Copper 


Lap  Shielding  Tape  (2  thickne  eee  e) 


Lap  Shielding 
| Tape 

(1  thickness) 


Number  of  Paire  in  Cable 


Conductor  0.3mm  Copper  0.3mm  Copper 

Ineu.ation  l 0.12mm  PEF  0.15mm  PE 


Number  of  Paire  in  Unit 


Number  of  Paire  m Cable 


| 0.  3mm  Copper  , 
1 0.3mm  PE 


Electrical 
Cna  racte  rietic 


Broaaoand 
Pair  Type  Cable 


Broadband 
Termination  Caul# 


Preeeure  Plug  Cable 


Pair -Shielded 
Stuo  Caola 


Nominal  52.  5 B /km 

Maximum  56.  5 Q /xm 


Maximum  93.  5 C?  /am 


In  eolation 
He  ei  nance 


More  than  10  kMCf  -km  after  1 minute  coarge  of  100  to  500  volta  in  direct  current 
between  eacn  conductor  ana  grouna 


Dielectric 
St  reugtn 


iVo  Oreakopwn  after  1 minute  charge  of  500  volta  in  direct  current  or  350  volta  in  alternata 
current  between  each  conductor  and  ground 


Nominal  33  nF  /an 

Maximum  35  nF  /krr 


Average  Leee  man 
40  nF  /km 


Average  Leee  tnan 

500  ;>F  /7.5m 


Maximum  41  nF  /am 
Minimum  25  nF  /am 


Attemiation 
at  4MHz 


Nominal  20  dB/km 

I Maximum  22  dB/km 

Minimum  18.  5 dB/km 


Leaa  tnan  30  dB/km 


Crosstalk 
Attenuation 
at  4MHz 


FXT  FXT  i FXT  . FXT 

Average  More  than  61  dB/2S0m  Average  More  than  62  dB/250m  I Worat  More  than  45  dB/7.5m  , Worat  More  than  64  dB/S.  5m 

Worst  More  than  41  d3/250m  , Worat  More  than  42  d3/2S0m  vyT 

! N XT  j N XT 

Worat  Mora  than  90  dB/7.Sm  1 Worat  Mora  than  104  dB/S.Sm 


Cna  rac  .e  rietic 
impedance 


138  fl  at  4MH* 
140  Q at  1 MHm 


Table  - 5.  Automatic  Crosstalk  Measuring  Apparatus  Features 


Frequency  Range 


4 MHt  (1  KM*  to  30  MHz  in  use  of  optional 
'attachment) 


Measuring  Level 
at  4MHz 


FXT  and  Cable  Loss  : 0 to  - 80  dBm 

NXT  ! 0 *o  -120  dBm 


Measuring  Speed 


About  7 minutes  for  190  combinations  (FXT)  ^ 
About  14  minutes  for  400  combinations  (NXT) 


Size  and  Weight 


Measuring  Channel 


Oscillating  Unit 

282  x 445  x 285  mm.  less  than  23  kg 


Level  Measuring  Unit 

282  x 445  x 285  mm.  less  than  25  kg 


Control  Unit 

282  x 245  x 285  mm.  lets  than  16  kg 
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m • Average  power  FXT  kttiniauon  value 

m Average  FXT  attenuation  value 

(?  I FXT  attenuation  :tan4ard  devuttoo 


(1)  Star  Configuration  (2)  Branch  Configuration 


(3)  Loop  Configuration  (4)  ComP‘«  Configuration 


TIG.  1 General  View*  of  Baaic  Configuration* 


Telephone 


© Broadband  Pair  Type  Cable 
© Broadband  Cae  Pressure  Plug  Cable 
© Broadband  Termination  Cable 
© Pair- shielded  Stub  Cable 
© Broadband  Switchboard  Cable 

FIG.  2 Broadband  Pair  Type 
Cable  Syetem 


260  Pair  Cable 


LAP  Shielding 
Tape 

20  Pair  Unit  of 
Broadband  Pair 

100  Pair  Unit  of 
Voice  Pair 
Insulating 
Paper 

LAP  1 LAP 

PE  J Sheath 


20  Pair  Unit  of 
Broadband  Pair 

Cotton  Tape 


PVC  Sheath 


B0  Pair  Cable 

(b)  Broadband  Termination  Cable 


100  Pair  Cable 


O 


Broadband 

Pair 


PF.  Tape 
LAP  Sheath 


20  Pair  Unit 

. Broadband  Pair  Type  Cable 

Broadband  Cas  Pressure  Plug  Cable 


10  Pair  Shielded 
Unit 

6 Pair  Inter- 
stitial Unit 
Ineulating  Paper 
Metallized  Paper 
Lead  \ LEPETH 
/ Sheath 
(c)  Pair- shielded  Stub  Cable 


Broadband  Pair 

Cotton  Tape 

Copper  Braiding 
Shielding 

PVC  Sheath 

(d)  Broadband  Switchboard 
Cable 


FIG.  3 Croee-eection  of  Various  Cables 
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Broadband  Pair  Unit 
\ Poroua  Matallic  Tapa 
\ I Compound 


LAP  Shaath 


Man.  1 10mm 


Max.  600mm 


PIC.  4 Broadband  Pair  Typa  Cabla 


® J!  - iooo* 

® S ■ <500* 
® J-  2000* 
® 2500* 


I 7 '0  /OO 

Broadband  Terminate 
Characteristic  Imped* 
Attenuation  Constants 


II  Automatic  Crosstalk  M< 


Intermediate  Station  Repeater 


Manhole  Repeater 


FIG.  12  Measurement  Route 


Transmission  Length 
13  FXT  Additive  Features 
(Average  Value  in  dB) 


X - Xe  <*»> 

FIG.  15  Po(x)  and  P|  (x) 

Distribution  Function 


Transmission  Length 
1 FXT  Additive  Features 
(Average  Value  in  Power) 


i- 

CUMULATIVE  FREQUENCY^  (X)  , , CUMULATIVE  FREQUENCY 


Normal  Distribution 


All  Pair  Combi  nation* 
within  a Unit 


Combinations  between 
Adjacent  Pairs 


40  SO  10  “ft  00  90  SOO 

FXT  dB/250m 

FIG.  16  250m  Long 

Broadband  Pair  Type  Cable  I 


FXT  dB 

FXT  Distribution  Pattern  Changes 
(All  Pair  Combinations  within  a Unit) 


0.9*0 r 0,2  Ad  0,7  f e 4 7 

Frtptmy 

FIG.  19  FXT  Frequency  Characteristics 


FXT  dB 

FXT  Distribution  Fattern  Changes 
(Combinations  between  Adjacent  Pairs) 


Number  of  Multiplex  n 
FIG.  20  Multiple  FXT 
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NEAR  END  CROSSTALK  PROPERTIES  OF  COMPARTMENTALIZED 
PCM  CARRIER  SYSTEM  CABLES 
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INTRODUCTION 


The  24  channel,  pulse  code  modulated  (PCM)  carrier 
system,  conane rclally  Introduced  in  the  early  "60's"^ 
fast  became  a viable  component  of  exchange  and  toll 
connecting  telephone  service.  During  1974  a new 
generation  digital  system  providing  48  channels  over 
two  cable  pairs  was  inaugurated^).  This  system 
offered  twice  the  information  capacity  but,  with  twice 
the  bandwidth  required , compounded  noise  shielding  and 
crosstalk  control  problems. 

Early  installations  of  the  24  channel  system  used  both 
single  and  dual  cable  approaches.  The  former  system 
had  the  carrier  pairs  for  alternate  directions  of 
transmission  separated  by  voice  frequency  units. 
Generally  speaking,  the  two  cable  system,  using  one 
cable  for  each  direction  of  transmission,  was  both 
economically  and  functionally  acceptable,  since  most 
PCM  systems  of  the  time  serviced  areas  of  relatively 
high  population  density.  Entry  of  these  systems  into 
much  less  settled  areas  proved  to  be  a prime  mover  in 
the  development  of  the  internally  shielded,  partitioned 
or  screened  cabled),  which  permitted  utilization  of 
all  pairs  in  single  cable  operation,  dedicated  to  PCM 
transmission. 

The  internally  screened  cable,  which  for  so  many  years 
had  serviced  the  needs  of  the  24  channel  system, 
became  a highly  desirous  transmission  link  in  the  48 
channel  system  as  well.  Because  of  the  higher  bit 
rate,  however,  increased  crosstalk  susceptibility  and 
shielding  degradation  became  of  vital  concern. 

It  is  the  intent  of  this  paper  to  provide  a discussion 
of  screened  cable  crosstalk  behavior,  at  both  the  24 
and  48  channel  equivalent  frequencies,  as  a function  of 
cable  pair  count,  at  100  percent  cable  fill.  Some 
acumen  is  offered  as  to  the  mechanisms  of  screened 
cable  operation,  with  particular  attention  paid  to  the 
analysis  of  longitudinal  seams  in  the  partition.  Basic 
methods  of  screen  fault  detection  and  locacion  are 
also  discussed. 

SHIELD  FUNCTIONS  OVER  SINGLE  CABLE  ROUTES 

For  two-way  transmission,  confined  to  a single 
internally  screened  cable,  the  purpose  of  the  shields 
is  two-fold.  They  must  prevent  external  source 
interference  from  entering  the  cable  information 
circuits,  and  likewise  must  inhibit  transmitted  signals 
on  the  cable  pairs  from  crosstalking  into  other 
circuits.  In  general,  the  overall  shield  does  perform 
its  function,  but  its  interaction  with  the  internal 
shield  becomes  a factor  in  internal  crosstalk  control. 

The  most  significant  couplings  involved  in  single 
sheath,  bi-direction  transmission  cable,  over  PCM 
routes,  are  those  of  near-end  crosstalk  (NEXT)  between 
pairs  in  opposite  directions  of  transmission.  Cross- 
talk is,  of  course,  frequency  dependent;  its  prominence 


substantially  magnified  by  the  introduction  of  48 
channel  carrier  systems.  Procedures  to  reduce  such 
internal  pair  couplings  have  been  known  for  many 
years.  For  example,  suppression  of  NEXT  may  be 
achieved  through  judicious  selection  of  pair  lays  or 
the  individual  shielding  of  pairs  or  pair  groups. 
Optimum  pair  lay  schemes  have  been  employed  by 
cable  manufacturers  for  some  time,  but  do  not  provide 
adequate  crosstalk  separation  for  PCM  operation  in  a 
single  cable  sheath.  Shielded  pairs  or  units  which 
do  provide  adequate  separation  are  considered  to  be 
prohibitively  costly  and  may  lead  to  manufacturing 
difficulties.  The  introduction  of  an  internal 
metallic  partition  provides  favorable  results  with 
reduced  economic  and  manufacturing  problems.  Of 
course,  one  must  recognize  that  two  cable  routing 
schemes  are  possible,  but  such  implementations  can 
bring  other  problems  into  being;  the  foremost  being 
installation  economics 

TYPES  OF  INTERNAL  SCREENS  FOR  PCM  CABLES 

For  all  intents  and  purposes,  there  are  only  two 
distinct  types  of  internal  screen,  or  partition.  One 
variety  bisects  the  cable  core  such  that  the  resultant 
cross-section  possesses  geometric  symmetry  about  the 
partition  axis.  This  concept  i9  exemplified  by 
commercially  available  "T"^)  or  "Z"(4)  screened 
cables,  which  do  indeed  suffice  for  intramodal  signal 
isolation  when  employed  in  24  channel  PCM  systems. 

The  technological  successor  to  this  form  of  shielding 
is  the  closed  partition  internal  screen.  One  of  the 
earliest  commercially  available  constructions,  employ- 
ing this  type  of  shielding,  was  the  mD"(5)  screened 
cable.  Core-half  isolation  is  generally  enhanced 
by  an  electromagnetic  barrier  which  completely 
encloses  one  half  the  cable  core.  Figure  1 
conceptualizes  both  of  these  models. 


FIGURE  I General  Clossif ication  of  Internal  Screen  Designs 

MERITS  OF  THE  BASIC  SCREEN  DESIGNS 


Papers  have  been  pub li shed ^ * 5) , and  patents  have 
been  issued^*^  extolling  the  merits  of  the  various 
screen  designs.  For  the  system  designer,  dealing 
with  single  cable  routings,  there  is  one  question. 
Will  the  completed  cable  perform  as  required? 


I 
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investigate  the  performance  of  able  partitioning 
with  respect  to  transmission,  it  becomes  imperative  to 
know  which  PCM  system  will  be  used.  Will  it  be  a 24 
channel  system  operating  at  1.544-Mb/s  or  a 48  channel 
system  at  3.152-Mb,s  or  yet  another  PCM  system,  with 
.mother  bit  rate.'  Since  the  preponderance  of  PCM 
*ys*ems  operating  on  paired  facilities  range  between 
24  and  48  channels,  the  discussion  will  be  confined 
to  these  limits,  with  Nyquist  frequen  ies  of  772  Khz 
and  1.576  MHz,  respectively. 

The  24  Channe 1 Sv s tern 

Basic  to  an  understanding  of  the  24  channel  PCM  system 
is  a knowledge  of  the  engineering  rules  set  down  by 
Cravis  and  Crater1  . This  referenced  paper  method- 
ically illustrates  that  the  PCM  system  design  must  be 
guided  by  the  error  rate  which  the  system  is  capable 
o I tolerating.  For  the  24  channel  system  the  maximum 
error  rate  between  end  terminals  was  determined  to  be 
I0"b  for  satisfactory  transmission.  By  utilizing  the 
error  rate  as  a focal  point,  an  equation  was  developed 
placing  boundary  maxima  on  both  the  mean  section  loss 
(L)  and  the  number  of  permissible  systems  (n)  in 
the  form: 


L*IOIo9io(-25 


L.  " mean  repeater  section  loss,  dB. 

m mean  NEXT  coupling  loss  at  772  KHz, 
dB. 

^ - standard  deviation  of  the  NEXT  coupling 
losses  at  772  KHz,  dB 

and  H “ number  of  carrier  systems  used  in 
the  cable. 

If  the  balance  of  this  equation  is  maintained  for 
each  section  length,  the  error  rate  objective  will  be 
met.  By  simple  manipulation,  this  equation  may  be 
described  in  terms  of  (m-f*"): 


(m-p)  = 65.  5 ♦ 10  log  (n)  ...«) 

24  io 

based  on  a maximum  section  loss  of  33.5  dB  at  maximum 
expected  temperatures,  less  1.5  dB  for  pair-to-pair 
manufacturing  variations  and  a 6 dB  reduction  for 
"margin".  (Margin  may  be  defined  as  a figure  of  merit 
which  is  allocated  in  order  to  compensate  for  unknown 
system  degradations.  It  insures  that  the  error  rate 
objective  will  be  met  for  most  situations.)  Graphing 
(m-cn  of  equation  (2)  as  a function  of  cable  pair 
count,  yields  a curve  which  represents  the  minimum 
acceptable  level  of  cable  performance  for  the  24 
channel  PCM  system.  This  is  illustrated  in  Figure  2. 


10  50  100  500  1000 


CABLE  PAIR  COUNT 

FIGURE  2 • AVERAGE  NEXT  (m-r*)  vs  PAIR  COUNT 
ot  772  kHz. 
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By  addin*  the  performance  curves  of  the  two  previously 
described  screened  cable  models  to  Figure  2,  their 
merits  may  be  compared  for  employment  in  the  1.544  Mb/s 
system.  For  added  interest,  the  characteristics^)  of 
an  improved  open  screen  design  have  also  been  plotted. 
Figure  3 illustrates  the  geometry  of  the  two  open 
screen  designs. 


(o)  IS  % Tab  (b)  85  % Tab 

FIGURE  3 Cross  Sections  of  Opsn  Screen  Designs  of 
Two  Tab  Length*. 


The  48  Channel  System 

The  emergence  of  the  48  channel  PCM  system  changed  the 
engineering  rules  for  section  design.  Since  NEXT  is 
still  the  limiting  factor  in  single  cable  operation, 
engineering  rules  for  48  channel  systems  have  been 
formulated ^ ^ ^ ^ based  on  NEXT  requirements.  These 
rules  have  as  their  foundation  the  earlier  works  of 
N'aselld^'1  and  Marlowd^)^  on  the  properties  of 
truncated  normal  random  variable  power  sums,  and  it  is 
not  surprising  that  there  is  close  agreement.  For  the 
sake  of  consistency  and  ease  of  computation,  the 
method  by  Bradley'^0),  as  employed  in  the  General 
Telephone  and  Electronics  Practices  (l4*'  for  48  channel 
systems,  is  used  for  this  analysis. 


The  equation  used  for  repeater  section  NEXT  loss 
requirements,  based  on  100  percent  pair  utilization, 
at  maximum  repeater  spacings  and  maximum  operating 
temperature  is  noted  to  be: 


(m-r)4e=  81.6  ♦ (I0+-^)  log|0(n)  • o> 

where  the  crosstalk  is  measured  at  or  corrected  to 
1.576  MHz. 

As  with  the  24  channel  system,  a graph  of  (m-^)  was 
constructed  with  respect  to  cable  pair  count , which 
determines  the  minimum  acceptable  level  of  ( fT at 
1.576  MHz  and  is  shown  in  Figure  4.  The  performance 
curves  of  the  open  and  closed  screen  designs  are  also 
plotted.  The  early  version  of  the  open  screened 
cable  is  not  shown,  since  it  clearly  will  not  meet 
system  requirements. 

Analysis  of  Figure  4 shows  that  the  basic  closed  type 
of  partition  offers  an  advantage  to  the  system  design, 
It  may  be  employed  in  either  of  the  two  PCM  systems 
under  consideration,  at  maximum  repeater  spacings  and 
100  percent  cable  fill. 

ELECTROMAGNETIC  FIELDS  AND  THE  PARTITION 

At  frequencies  such  that  skin  depth  is  less  than 
shield  thickness,  f rota  Terraan ' s fonnula'^)^ 


SHin  Depth  = 1.9815  Jfi/T  mils  •••<*> 

Where  ■ resistivity  r ohm  cm 
and  f = frequency,  MHz, 


at  1.576  MHz. 
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It  can  be  shown  that  the  screen  provides  shielding 
which  is  dictated  by  the  surface  transfer  Impedance. 
The  0.004"  aluminum  screens  used  in  most  partitioned 
cable  applications  falls  into  this  category.  At  PCM 
frequencies  most  of  the  interferring  current  is 
confined  to  the  screen  surface  nearest  the  disturbing 
circuit,  and  the  voltage  drop  along  the  far  surface 
is  less  than  the  drop  along  the  near  suiface.  The 
surface  transfer  impedance  is  definedOG)  as 


where  of  and  $ represent  the  far  and  near  surfaces, 
respectively. 

For  homogeneous  tubes  the  surface  transfer  impedance 
decreases  with  frequency,  yielding  improved  shielding 
efficiency.  For  shields  with  longitudinal  seams, 
current  leakages  through  the  seams  predominate  at 
frequencies  between  1 and  10  MHz  and  raise  the 
effective  surface  transfer  impedance.  This  phenomenon 
has  been  examined 0&» ^ and  although  methods  of 
measuring  flux  leakage  or  theoretical  calculations 
of  its  magnitude  have  been  presented,  they  are  complex, 
and  beyond  the  scope  of  this  paper.  The  ideal  PCM 
screen  would  be  a homogenous  metallic  cylinder,  but 
in  reality  overlapping  is  a commonly  employed  technique 
for  screening  applications. 

In  the  open  screen  model  the  premise  is  to  interface 
the  screen  and  overall  shield  to  mitigate  lntra- 
compartmental  coupling.  In  general,  however,  the 
screen- to-overall  shield  interface  consists  of  a 
multiplicity  of  components  as  depicted  in  Figure  5(a). 


FIGURE  51  Magnified  View  of  Partition 
Overlap  Area. 

Because  of  the  large  amount  of  dielectric  material 
encountered  between  the  two  metallic  members,  a 
substantial  patu  for  flux  leakage  exists.  A degree 
of  crosstalk  reduction  may  be  achieved  through 
slight  geometric  variations  in  the  screen  design. 
Quite  simply,  any  extension  of  the  open  partition 
end  tabs  tends  to  mitigate  the  effects  of  NEXT.  A 
recent  paper  by  Okamoto,  et  al^  describes  in  detail 
the  effect  of  tab  length  extensions  up  to  a point 
where  the  open  screen  model  converges  to  a double 
c ompartmented  closed  partition  array.  This  is 
illustrated  in  Figure  6.  A review  of  these  findings 
indicates  the  difficulty  in  achieving  additional 
NEXT  isolation  with  increased  coverage.  Extension 
of  the  tabs  does  not  reduce  the  interface  gap  between 
the  metallic  components,  but  merely  lengthens  the 
intracompartmental  path  of  the  interferring  signals. 
Outer  shield  corrugations  further  debase  intra- 
compartmental crosstalk  suppression. 


FIGURE  6 ! Convergence  of  the  Open 
Screen  Model  to  a Closed 
Screen  Array. 


Changes  in  the  closed  screen  design  are  limited  in 
extent.  Only  the  position  of  the  screen  overlap  may 
be  controlled.  A review  of  Figure  7 clearly 
demonstrates  that  7(a)  is  the  preferred  overlap 
position  because  it  provides  greater  separation 
between  the  screen  leakage  point  and  the  other 
compartment.  Locations  depicted  in  7(b)  or  7(c) 
pl*»ce  the  overlap  in  closer  proximity  to  the  alternate 
core-half.  In  any  event,  the  interfacing  gap 
between  the  ends  of  the  metallic  tape  can  only  be 
equal  to  twice  the  thickness  of  the  screen  dielectric 
as  shown  in  Figure  5(b).  In  this  case,  overall  shield 
corrugation  effects  upon  the  screening  agent  are 
insignificant  and  gapping  is  minimal.  In  addition, 
intracompartmental  couplings,  via  the  overall  shield, 
are  reduced  by  the  closed  partition. 


FIGURE  7>  Overlap  Placement  in  the 
Closed  Screen  Partition. 


The  closed  screen  partition  may  be  doubled  to  form  two 
closed  compartments,  such  as  illustrated  in 
Figure  7(d).  However,  since  the  closed  shield 
partition  shown  in  Figure  7(a)  provides  adequate 
crosstalk  suppression,  the  addition  of  a second 
closed  screen  is  not  justified  at  this  time. 

If  the  open  screen  model  is  made  to  approximate  tie 
closed  screen  design  through  extreme  end  tab 
extensions,  performance  of  the  screen  would  possibly 
approach  that  of  a closed  screen  design. 

Figure  8 shows  the  crosstalk  characteristics  of  a 
closed  screen  52  pair  No.  22  AWG  cable  in  the 
frequency  range  of  0.1  to  10  MHz.  It  can  be  seen 
that  the  curves  are  relatively  flat  up  to  about  the 
24  channel  operating  frequency  where  the  seam 
leakage  currents  become  predominant.  This  causes  a 
slope  of  about  4.5  dB /octave,  similar  to  the  slope 
noted  for  unscreened  unit  coupl ings 09) . 
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FIGURE  8-  NEXT  vr  FREQUENCY,  0.1  to  10.0  MHz 
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THE  INFLUENCE  OF  SCREEN  DISCONTINUITIES 

Except  for  the  presence  of  the  partitioning  screen, 
internally  shielded  cables  are  similar  to  other 
telephone  cables;  subject  to  the  same  problems 
during  manufacture  and  field  installation. 
Discontinuities  in  the  screening  circuit  do, 
however,  have  an  effect  upon  cable  crosstalk 
performance.  Most  critical  are  circumferential  gaps 
in  the  partitioning  member  so  that  the  pairs 
serving  opposite  directions  of  transmission  are 
unscreened  for  a portion  of  the  cable  length. 

In  the  manufacturing  process  discontinuities  can  be 
caused  by  excessive  tensions  during  the  application  of 
the  tape,  which  may  open  a tape  splice  or  cause  a 
circumferential  break  in  the  metallic  portion  of  the 
screen.  This  may  also  occur  during  installation. 

In  its  simplest  form  a circumferential  discontinuity 
will  have  a virtually  zero  length  gap,  which  will 
result  in  insignificant  crosstalk  degradation.  When 
a finite  length  of  the  partitioning  screen  is 
missing,  substantial  reduction  of  crosstalk  shielding 
will  occur. 

An  important  cause  of  poor  NEXT  crosstalk  performance 
in  installed  systems  can  be  the  failure  to  carry  the 
screening  through  splice  points  throughout  the  route. 

It  is  not  necessary  to  establish  dc  continuity,  but 
the  shielding  must  be  physically  continuous  to  afford 
maximum  crosstalk  separation. 

The  extent  of  NEXT  degradation  with  screen  faulting 
is  dependant  upon  two  factors.  The  first  is  the 
physical  location  of  the  fault  within  the  repeater 
section,  and  the  second  is  the  length  of  the  screen 
discontinuity.  When  faulting  occurs  in  close  proximity 
to  the  line  repeater,  the  worst  case  condition  results, 


since  at  this  point  the  interferring  signal  is  at  a 
maximum.  Gaps  occurring  further  downstream  are 
subject  to  both  forward  and  reverse  line  attenuation, 
thereby  diminishing  the  effect. 

Crosstalk  degradation  with  respect  to  gap  length  has 
been  the  subject  of  laboratory  work(20).  Induction 
through  the  gap  has  been  seen  to  be  approximately 
proportional  to  the  length  of  the  gap.  In  addition, 
work  completed  on  both  open  and  closed  screen  cable 
models  has  indicated  that  the  latter  design  is  more 
seriously  affected  by  the  presence  of  such  gaps. 

This  is  not  an  unexpected  phenomena  since  the  closed 
screen  cable  represents  what  may  be  termed  a higher 
performance  type  of  cable.  Figure  9 clearly 
demonstrates  the  validity  of  this  claim  for  various 
cables  of  both  designs. 

The  effects  of  screen  faults  make  it  obvious  that 
the  cable  manufacturer  must  insure  that  shipped  cable 
lengths  are  free  from  such  defects.  In  addition, 
outside  plant  personnel  must  take  adequate  precautions 
to  maintain  the  integrity  of  the  screening. 

DETECTION  OF  PARTITION  FAULTS 

There  are  a few  techniques  which  readily  lend  them- 
selves to  the  determination  of  internal  shield  faults. 
A very  simple  approach  is  the  measurement  of  the 
"through",  or  direct,  capacitance,  which  yields 
rapid  and  accurate  results.  The  "through"  capacitance 
as  used  in  this  context,  refers  to  the  capacitance 
existing  between  the  two  core  halves,  with  the 
intervening  screen  grounded.  This  is  illustrated  in 
Figure  10.  The  technique  requires  that  the  pairs 
in  each  core  half  be  short  circuited  together,  so 
that  each  group  appears  as  a single  conductor  of  a 
balanced  pair.  The  partition,  an  intervening  barrier, 
is  brought  to  a reliable  ground,  along  with  tke 
overall  shield  at  the  measuring  end. 
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based  on  being  locoted  at  repeater  output  (worst 
case  condition). 

Generally  speaking,  if  the  screen  is  continuous,  the 
capacitance  existing  between  the  two  core  halves  will 
be  zero  since  the  interjacent  screen  is  an  electro- 
static barrier  Realistically,  some  electrical 
leakage  does  occur,  due  to  non-perfect  shielding, 
but  a 1 nF  or  less  "through"  capacitance  level,  when 
measured  at  one  kilohertz  on  a reel  length  of  cable 
is  acceptably  small  enough  to  insure  relative  freedom 
from  screen  gaps.  Cables  which  do  house  screen  voids 
will  exhibit  far  greater  levels  of  direct  capacitance; 
the  discrete  value  dependant  upon  the  length  of  the 
gap.  If  the  capacitance  value  exceeds  the  1 nF 
benchmark,  it  must  be  determined  whether  the  problem 
is  a simple  break  or  a discontinuity  of  finite  gap 
length. 


FIGURE  10‘Tht  Concept  of 
"Through"  or  Direct  Copocitonce 

If  the  initial  measurement  of  direct  capacitance  is 
greater  than  1 nF,  the  next  step  is  to  ground  each 
screen  end  to  the  overall  shield.  If  the  value  of 
capacitance  returns  to  the  realm  of  1 nF  or  less, 
then  a screen  break  with  virtual  zero  gap  length  is 
the  problem.  Such  occurrance  does  not  degrade 
crosstalk  performance  and,  therefore,  corrective 
measures  need  not  be  implemented.  If,  however,  the 


capacitance  value  does  not  change,  or  does  not  fall 
below  the  benchmark,  a single  partition  discontinuity 
of  finite  length  is  present,  or  there  are  multiple 
screen  breaks. 

The  single  discontinuity  accompanied  by  a discrete 
gap  is  relatively  easy  to  locate.  A few  simple 
capacitance  measurements  accompanied  by  a ratioing 
procedure  are  all  that  is  required.  This  is  best 
demonstrated  by  example. 

Figure  11  illustrates  the  various  capacitances 
encountered  in  the  closed  compartment  partitioned 
cable,  with  arbitrary  designations  assigned  the 
capacitors.  Possible  indicators  of  faulting  include 
Cl2»  Ci3  or  Cl4-  For  this  example  Ci3  was  measured 
on  an  1,186  foot  length  of  single  sheath  cable 
employing  a closed  screen  with  no  faults.  The  first 
direct  capacitance  measurement  yielded: 


294. 480  nF 
C13  ' 1186  ft. 


0.248  nF/ft. 


To  introduce  a fault,  a section  of  partitioning 
approximately  six  inches  in  length,  was  removed  at  a 
distance  of  200  feet  into  the  cable.  The  sheath 
surrounding  this  area  was  carefully  restored  to  the 
state  that  existed  prior  to  the  fault  introduction.  A 
screen  ground  was  applied  to  the  short  end,  with  the 
other  end  of  the  partition  left  in  an  ungrounded 
state.  Cl3  was  again  measured  with  the  following 
results  : 


Ci3’  = 49.010  nF 


By  simple  ratioing  the  fault  was  located  at: 


49.101  nF/"x"  ft. 
0.248  nF/ft. 


197.6  ft. 


from  the  outside  end. 


Cobl# 


Extensive  laboratory  work  has  shown  this  method  to 
yield  results  accurate  to  within  one  percent;  the 
error  being  attributed  to  cable  dimensional 
(capacitance)  non-uniformity. 
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The  fault  locating  technique  is  noted  as  a general 
procedure , since  several  cable  parameters  seriously 
influence  the  final  results.  For  example,  although 
most  direct  capacitance  measurements  may  be  correctly 
performed  at  a one  kilohertz  generator  frequency,  a 
certain  percentage  will  necessitate  a generator 
t requency  downshift  to  compensate  for  propagation 
effects.  Such  errors  are  themselves  attributable  to 
a multiplicity  of  factors;  the  most  notable  being 
conductor  gauge  size,  cable  length  and  pair 
count.  The  foregoing  procedure  lends  itself  well  to 
plant  inspection  techniques  and  all  cables  should 
be  tested  prior  to  shipment  to  insure  screen 
integrity.  In  the  field,  screen  discontinuities 
will  manifest  themselves  by  causing  excessive  error 
rates  in  many  span  lines  simultaneously.  After 
localization  of  the  faulty  repeater  section,  and  if 
subsequent  visual  inspection  of  the  repeater  points 
reveals  no  screen  irregularities,  then  fault  locating 
procedures  should  be  attempted. 

Since  the  cable  pairs  are  not  readily  accessible  for 
shorting,  the  factory  test  procedure  for  fault 
locating  is  not  a practical  method.  The  capacitance 
between  the  outer  shield  and  screen  can  be  measured 
using  simple  capacitance  bridges  in  the  unbalanced  mode. 
The  same  ratiotnetric  technique  can  then  be  used  to 
determine  the  location  of  shield  faults,  provided  that 
Cj4  is  known  for  an  unfaulted  cable  of  the  same  design. 
The  use  of  a pulse  echo  method  is  not  recommended  due 
to  the  very  low  impedance  path  existing  between  the 
overall  shield  and  screen,  which  lowers  the  sensitivity 
of  these  instruments. 

SUMMARY 

This  paper  has  discussed  the  near  end  crosstalk 
characteristics  of  internally  screened  telephone 
cables  used  for  PCM  transmission.  Various  shield 
designs  have  been  discussed  in  conjunction  with 
crosstalk  requirements  for  24  and  48  channel  PCM 
systems.  Shielding  principles  were  reviewed  with 
regard  to  the  performance  of  the  different  shield 
configurations.  Finally,  the  effect  of  screen  discon- 
tinuities was  shown  and  fault  locating  procedures 
recommended. 
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SUMMARY 

This  paper  describes  the  approach  taken  to  design 
and  develop  a family  of  electrical  wires  and  connectors 
for  general  purpose  aerospace  applications  in  service 
environments  of  650°C  and  higher.  An  assessment  was 
made  of  the  operating  restrictions  dictated  by  the 
Statement  of  Work,  and  this  was  related  to  other  con- 
tract approaches  and  commercially  available  high 
temperature  wire  to  determine  their  inadequacies  and 
to  establish  the  logic  of  the  experimental  approach 
chosen.  Details  are  given  of  the  development  of  the 
subcomponent  materials,  the  assembly  into  the  pre- 
ferred design  and  the  performance  of  the  prototype. 

In  conclusion,  the  present  status  of  the  program  is 
outlined,  and  consideration  is  given  to  compatible 
connector  development  and  other  potential  end  use 
applications  for  the  unique  combination  of  performance 
properties  inherent  in  this  wire  design. 

1.  INTRODUCTION 

In  1972  the  Technology  Development  Department 
began  development,  on  behalf  of  the  U.S  Air  Force 
Aero  Propulsion  Laboratory  and  the  Canadian  Defence 
Research  Board,  of  a family  of  electrical  wires  and 
connectors  for  general  purpose  aerospace  applications 
requiring  both  long  term  continuous  and  cyclic  resis- 
tance over  a temperature  range  of  from  -65°F  to  1250°F 
and  pressure  corresponding  to  altitudes  from  sea  level 
to  110,000  feet,  for  1000  hours  under  rated  power  of 
600  volts  rms. 

The  program  was  divided  into  two  sections,  with 
Phase  I,  detailed  in  this  report,  having  the  objective 
of  determining  the  materials  and  assemblies  suitable 
for  performance  under  the  design  criteria  and  Phase  II 
having  the  objective  of  optimization  of  the  prototype 
units  and  proving  the  commercial  feasibility  of  volume 
production.  The  development  of  suitable  connector 
systems  was  subcontracted  to  the  ITT  Cannon  Electric 
Canada  Company  Ltd.  with  overall  coordination  being 
provided  by  Canada  Wire  & Cable  Limited. 

2.  DESIGN  APPROACH 

2. 1  Performance  Requirements 

Table  l details  the  performance  requirements 
specified  in  the  program  Statement  of  Work. 

TABLE  I 

PERFORMANCE  REQUIREMENTS  OF  PROTOTYPE  ASSEMBLIES 

2.1.1  Environment 

a)  Operating  temperature  range:  -65°F  to  1250°F 

b)  Operating  pressure  range:  sea  level  to 

110,000  feet 

c)  Humidity  tolerance:  0 to  100% 

d)  Vibration  resistance:  20  g,  10  to  2,000  cps 

e)  Physical  shock  resistance:  50  g,  11  t 1 

milliseconds 


f)  Design  life  at  maximum  temperature:  1,000  hrs 

g)  Flight  profile  test:  200  cycles  consisting 

of  consecutively  2 hours  at  77°F/50%  R.H., 

1 hour  at  77°F/1 00%  R.H.,  1 hour  under 
rated  power  at  either  -65°F  or  1250°F 
(performed  concurrently  on  parallel  samples) 
and  1 hour  at  77°F/50%  R.H.  Total  5 hours 
per  cycle. 

2.1.2  Wire  Assembly 

a)  To  contain  a suitably  stable  conductor  in  12 

through  22  AWG  inclusively 

b)  Maximum  continuous  potential  rating  at 

temperature:  600  volts  rms 

c)  Resistivity:  <6  x 10  * ohm-cm 

d)  Tensile  strength:  35,000  psi 

e)  Insulation  resistance:  >1  megohm  at  1250°F 

f)  Susceptibility  to  blocking  at  1250°F 

g)  Dielectric  strength:  1200  volts  to  ground 

under  all  conditions 

h)  Flexibility:  No  deterioration  of  performance 

after  winding  on  a mandrel  of  ^20  times 
the  finished  wire  diameter 

j)  Shrinkage:  ^0.06  inches 

k)  Thermal  shock  resistance 

l)  Abrasion  resistance 

m)  Susceptibility  to  sublimation  under  all 

conditions 

n)  Flex  fatigue  life 

2.1.3  Connector 

a)  Contact  spacing  and  configuration  to  permit 

steady  state  working  voltage  of  600  volts, 

400  Hz 

b)  Insulation  resistance  contact /contact  and 

contact/shell  at  1250°F:  2000  megohms 

c)  Specify  contact  resistance  at  temperature  and 

ageing 

d)  Specify  contact  retention  performance 

e)  Specify  contact  and  shell  design 

f)  Specify  ozone,  salt  spray  and  organic  liquids 

resistance 

g)  Specify  corona  resistance 

h)  Interfacial  sealing  to  moisture-proof  quality 

As  can  be  seen  from  the  Table,  there  were  a number 
of  potentially  incompatible  performance  requirements 
which  were  judged  to  influence  and  limit  the  choice  of 
wire  and  connector  design.  Among  these  were  (a)  excel- 
lent conductivity  while  retaining  oxidation  resistance 
and  tensile  strength,  (b)  an  insulation  package  which 
would  retain  a high  level  of  dielectric  strength  while 
exhibiting  good  flexibility  under  extremely  severe 
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thermal  cycling  and  (c)  a requirement  for  minimal 
smoking,  fuming  and  blocking  under  all  conditions. 

2 . 2 Potent  la  1 _Wi re  Configurations 

The  next  step  in  the  program  was  to  undertake  a 
thorough  information  review,  considering  (a)  theore- 
tical articles  discussing  potential  conductors  and 
insulations  useful  in  the  service  temperatures,  (b) 
published  reports  of  research  and  development  by  other 
workers,  (c)  patents  issued  for  high  temperature  resis- 
tant wire  and  cable,  and  (d)  commercially  available 
wire  and  cable  recommended  for  ^1250°F  service. 

The  majority  of  the  theoretical  articles  proposed 
the  use  of  conductors  having  a thermally  and  oxida- 
tively stable  outer  layer,  with  a primary  dielectric 
made  up  of  high  temperature  resistant  ceramics  refrac- 
tories or  glasses.  Organic  polymers  would  be  tolerated 
but  only  at  minimum  loadings  which  would  evolve  very 
low  levels  of  smoke  or  degradation  products  on  exposure 
to  the  operating  temperature.  The  primary  dielectric 
could  be  in  the  form  of  cloth,  braid,  tape  or  coating. 

Considering  the  published  reports  of  research  by 
other  workers,  three  general  design  configurations 
were  favored:  (a)  composite  wires,  (b)  coated  wires, 
and  (c)  packed  sheathed  wires.  The  conductors  used  in 
the  composite  wires,  with  three  exceptions,  were  nickel 
clad  copper;  the  exceptions  were  nickel  clad  silver, 
silver  clad  Inconel  and  rhodium,  the  latter  being  used 
in  a wire  designed  for  service  at  2000°F.  The  insula- 
tion was  generally  ceramic  braid  or  tape,  asbestos  or 
mica/glass  tape  with  outer  protective  layers  of  cera- 
mic braid  and  optional  sheath  or  knit  armouring.  The 
coated  wires  used  conductors  of  copper,  clad  copper, 
nickel  clad  silver  or  rhodium  with  insulation  of  cera- 
mic frits  applied  from  slurry  or  electrocoating  sus- 
pensions. The  packed  sheathed  wires  employed  either 
copper  or  rhodium  conductor  with  magnesium  oxide  as 
the  primary  dielectric.  Nickel  alloy  was  the  pre- 
ferred sheath. 

Patented  designs  for  high  temperature  resistant 
wire  generally  followed  both  the  configurations  and 
materials  described  above.  Potential  service  tempera- 
ture ratings  ranged  from  600  to  2000°F.  The  wires, 
however,  were  all  found  deficient  in  many  of  the  other 
performance  requirements,  i.e.  shock  resistance, 
flexibility,  susceptibility  to  fuming,  etc. 

After  scanning  the  literature  describing  commer- 
cial high  temperature  resistant  wires  which  were 
alleged  to  perform  in  the  range  of  900  to  1500°F, 
thirteen  samples  were  obtained  and  evaluated.  All  of 
the  wires,  with  the  exception  of  one  packed,  sheathed 
design,  were  of  composite  construction,  using  nickel 
clad  or  plated  copper  conductor  overlaid  usually  with 
multiple  inner  layers  of  braided  glass  or  ceramic  with 
further  dielectric  strength  supplied  by  layers  of 
asbestos  or  polymer  Impregnated  mica  tapes,  and  an 
outer  layer  of  braid  impregnated  with  silicone  polymer 
or  ceramic  slurry. 

All  the  wires  were  subjected  to  a short  test  cycle 
(see  Appendix  A)  which  approximated  two  cycles  of  the 
Flight  Profile.  The  samples  were  rated  for  moisture 
absorption,  weight  change,  initial  and  retained  dielec- 
tric breakdown  value  and  retention  of  mechanical 
integrity. 

Susceptibility  to  moisture  absorption  after  firing 
varied  from  0.03%  on  the  packed  sheathed  design  to  13% 
on  a thermocouple  wire  overbraided  with  refractory 
silica  yam.  Weight  losses  varied  from  0.4  to  ^55%, 


depending  on  polymer  binder  loading.  Dielectric 
breakdown  strength,  initially  excellent  at  an  average 
of  4 KV,  deteriorated  significantly  to  '\  KV.  The 
mechanical  properties  of  all  the  composite  wires  after 
firing  was  relatively  poor,  with  significant  oxidative 
damage  to  the  conductor,  and  severe  loss  of  integrity 
in  the  dielectric  layers.  As  would  be  expected,  those 
wires  which  employed  silicone  polymer  as  an  impregnant 
were  highly  flammable  and  showed  copious  fuming.  Only 
the  packed,  sheathed  configuration  would  be  tentatively 
acceptable  within  the  limits  of  the  initial  screening. 

Upon  completion  of  the  survey,  four  potential 
design  approaches  were  postulated  and  assessed  for 
their  potential  for  success  within  the  restrictions  of 
the  Statement  of  Work. 

(a)  Sheathed,  Gas-Filled  Wire:  This  configura- 

tion would  require  sophisticated  connection  and 
pressurization  subassemblies  with  the  added  complica- 
tion of  maintaining  a hermetic  seal  and  the  need  to 
flush  and  repressurize  after  repair.  The  wire  would 
be  inherently  stiff,  heavy,  and  have  a high  space 
factor  and  would  be  extremely  expensive.  This  approach 
was  rejected. 

(b ) Sheathed,  Dense  Dielectric  Packed  Wire: 

This  configuration,  commonly  known  as  MI  cable,  has 
excellent  dielectric  and  thermal  stability,  however, 
it  tends  to  be  extremely  hygroscopic,  and  is  difficult 
to  fabricate  and  terminate.  It  is  inherently  stiff, 
heavy  and  has  a poor  space  factor.  No  significant 
advance  in  technology  could  be  foreseen  using  such  an 
approach;  the  concept  was  rejected. 

(c)  Coated  Wires:  Extensive  studies  have  been 

made  of  wire  coated  with  a continuous  dielectric 
sheath,  using  ceramic  or  glass  frits  applied  as 
slurries.  The  major  drawback  to  this  technique  is 
that  it  results  in  a wire  which,  before  firing,  has  a 
"green"  or  fragile  uncured  surface  and  which,  after 
firing,  is  covered  in  a glassy  matrix.  As  these 
dielectrics  have  very  limited  flexibility  and  vibration 
resistance,  the  concept  was  rejected. 

(d)  Composite  Wires :The  composite  insulation 
approach  was  finally  chosen  as  the  most  practical  way 
to  design  a wire  which  would  meet  the  program  perfor- 
mance requirements,  as  it  offered  a starting  point 
based  on  previously  disclosed  approaches,  and  a high 
potential  for  significant  technological  advances. 
Furthermore,  the  need  for  a general  purpose  wire  would 
be  best  served  by  a composite  construction  which  would 
potentially  use  a high  proportion  of  commercially 
available  materials. 

3.  SUBCOMPONENT  MATERIALS  EVALUATION 
3. 1 Conductor 

Since  the  program  objective  was  for  a general 
purpose  high  temperature  wire,  it  was  decided  that  the 
finished  wire  should  preferably  incorporate  a commer- 
cially available  conductor  having  suitable  tensile 
strength,  electrical  properties  and  thermal  stability. 

A thorough  literature  review  of  potential  mater- 
ials was  completed,  resulting  in  the  selection  of  the 
following  conductor  combinations  for  intensive  study: 

(a)  Nickel  or  nickel  alloy  clad  copper 

(b)  Nickel  clad,  diffusion  barrier  overcoated 

copper 

(c)  Stainless  steel  clad  copper 

(d)  Nickel  or  nickel  alloy  clad  silver 

(e)  Dispersion  strengthened  copper 
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Selected  manufacturers  were  canvassed  to  obtain 
samples  for  heat  stability  testing.  Material  (c)  was 
only  available  with  a 66%  cross  section  area  sheath 
and  was  rejected  as  having  poor  electrical  character- 
ise ii  s;  no  simple  of  dispersion  strengthened  copper 
could  be  obtained.  Short  lengths  of  the  remaining 
and i dates  were  heat  aged  for  1000  hours  at  1250°K, 
samples  being  removed  at  set  times  during  exposure  for 
subsequent  mounting,  etching,  and  met al lograph ic 
examination. 

Considering  each  of  the  conductor  configurations, 
ukeL  clad  silver  after  1000  hours  showed  no  diffusion 
.•  between  core  and  sheath,  although  there  was  a slow 
oiitinuous  development  of  surface  oxide  which  spalled 
on  removal  from  the  furnace.  Significant  grain  growth 
occurred  in  both  the  core  and  cladding. 

Nickel  alloy  clad  silver  showed  no  surface  oxide 
growth  or  interfacial  diffusion  after  1000  hours. 
Significant  grain  growth  had  occurred  in  the  silver, 
but  the  sheath  remained  grain- free. 

Nickel  clad  copper  exhibited  substantial  diffusion 
between  the  cladding  and  core  after  1000  hours.  There 
was  slight  surface  oxidation.  Both  the  clad  and  core 
had  substantial  grain  growth,  although  the  wire  remai- 
ned flexible  and  the  sheath  adherent. 

Nickel  allov  clad  copper  showed  no  evidence  of 
surface  oxidation,  although  there  was  evidence  of 
copper  diffusion  into  the  cladding  which  resulted  in 
microcracking.  There  was  no  noticeable  grain  growth 
in  the  sheath  but  massive  grain  development  in  the  core. 

The  nickel  clad,  diffusion  barrier  coated  copper 
failed  within  500  hours  due  to  catastrophic  failure 
at  the  core  sheath  interface. 

The  nickel  clad  copper,  nickel  clad  silver  and 
nickel  allov  clad  silver  candidates  were  selected  for 
further  examination.  Electrical  resistivities  and 
tensile  strengths  were  determined  on  both  the  unaged 
and  fully  aged  samples.  The  results  are  shown  in 
fable  II. 

TABLE  II 

PERFORMANCE  CHARACTERISTICS  OF 


CANDIDATE  CONDUCTORS 


Conductor 

Wire 

Diam. 

(cm) 

Resistivity 

(microohm-cmj 

Change 

Z 

Tensile 

Strength 

(psl) 

Change 

% 

Nickel 

0.0635 

A 

1.97 

35,300 

c lad 

B 

1.90 

-3.4 

24,300 

-32.0 

silver 

Nickel 

0. 102 

A 

2.  39 

45,700 

alloy 

B 

2.41 

+0.83 

42,300 

-7.4 

cl  ad 

si lver 

Nickel 

0.206 

A 

2.25 

38,800 

clad 

B 

2.59 

+ 15.0 

32,400 

-16.5 

copper 

A: 

Sample,  as 

received 

B: 

After 

1000 

hours  at 

1250” 

F 

Based  on  these  evaluations,  the  nickel  alloy  clad 
silver  was  chosen  as  the  preferred  candidate  conductor. 
A survey  of  selected  commercial  wire  manufacturers 
failed  to  find  a source  of  this  wire;  a contract  was 
finally  let  to  the  Reuter  Stokes  Company  Ltd.  of 


Cambridge,  Ontario,  Canada,  who  have  expertise  in 
drawing  nickel  alloy  tube  for  nuclear  applications. 

Five  prototype  Inconel  600  oversheathed  fine  silver 
wires  of  nominal  12  AWC  were  received  for  evaluation 
of  both  production  techniques  and  the  effect  on  per- 
formance of  varying  the  core/clad  ratio  from  the  first 
candidate  wire  (75/25  cross  section  area  ratio)  to  a 
50/50  ratio.  Based  on  further  determinations  of 
thermal  stability,  electrical  resistivity  and  tensile 
strength,  a design  having  a 60%  cross  section  area 
fine  silver  core  and  a 40%  cross  section  area  Inconel 
600  sheath  was  selected  as  the  best  compromise,  and  a 
further  prototype  was  obtained  for  evaluation.  This 
sample  showed  the  same  exceptional  level  of  thermal 
stability,  ambient  electrical  resistivities  of 
2.7  x IQ*"6  ohm-cm  and  ambient  tensile  strengths  before 
and  after  ageing  of  ''*57,000  psl.  Prototype  18  AWC 
and  22  AWC  wire  to  the  same  configuration  also  was  well 
within  specification  requirements.  The  design  was 
established  as  the  prime  candidate  conductor  for  the 
remainder  of  the  development  program. 

3. 2 Dielectric 

3.2.1  Introduction 

As  was  described  in  Section  2,  a number  of 
commercial  wires  were  obtained  and  evaluated  for  their 
potential  usefulness  at  1250°F.  None  performed  suffi- 
ciently well  to  warrant  extensive  testing.  Physical 
deterioration  of  the  insulation  was  marked  usually  by 
embrittlement  or  complete  disintegration.  As  the 
majority  of  the  assemblies  were  heavily  impregnated 
with  silicone  pc*y  rs,  there  was  heavy  exudation  of 
silica  fume.  Weigh',  losses  after  thermal  exposure 
were  generally  high,  with  marked  susceptibility  to 
moisture  absorption. 

It  was  concluded  that  the  wires  had  no  potential 
for  cyclic  performance  requirements  but  that  a few 
were  possibly  valuable  for  a single  exposure  situation. 
The  general  method  of  assembly  did,  however,  reinforce 
the  basic  decision  to  pursue  a composite  layered  diel- 
ectric approach,  which  gave  excellent  Initial  flexi- 
bility, high  dielectric  strength  to  volume  ratio,  and 
the  use  of  a signficant  proportion  of  commercially 
available  components. 

3.3.2  Candidate  Dielectric  Selection 

A general  literature  review  was  made  to 
determine  which  materials  would  be  suitable  for  use 
as  one  or  all  of  the  dielectrics  in  the  wire  design, 
considering  the  following  restrictions:  (a)  thermal 

stability  significantly  in  excess  of  1250°F,  (b)  Insig- 
nificant weight  change,  relatively  non-absorpt ive  and 
have  little  tendency  to  smoke  or  exude,  (c)  available 
in  an  easily  handleable  form  and  in  thin  section, 

(d)  a high  dielectric  strength  to  thickness  ratio, 
and  (e)  stable  in  the  cyclic  environment  specified  in 
the  Statement  of  Work. 

Combining  this  review  with  the  materials  disclosed 
in  other  contract  approaches,  the  following  candidate 
materials  were  selected  for  further  study:  asbestos, 

alumina,  silica,  alumina-silica,  stabilized  zirconia, 
boron  nitride  borosilicate  glass,  mica,  beryllia  and 
silicon  nitride.  Table  III  correlates  the  potential 
candidate  dielectric  materials  with  the  forms  in  which 
they  are  commercially  available.  The  review  also 
suggested  that  for  ease  of  application  the  most  logical 
forms  would  be  yarns,  cords,  wools  or  sheets.  It  was 
decided  to  eliminate  all  other  candidate  forms;  wools 
were  also  rejected  due  to  their  inherent  fragility, 
difficulty  of  application  and  low  dielectric  strength 
per  unit  thickness. 
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TABLE  III 

FORMS  OF  COMMERCIALLY  AVAILABLE  CANDIDATE  DIELECTRIC  INSULATIONS 


Material  Asbestos 
Form 

Alumina 

Silica 

Alumina/  Zirconia 
Silica 

Boron 

Nitride 

Class 

Mica 

Beryllia  Si^N* 

Yarn 

X 

X 

X 

X 

Cord 

X 

X 

X 

X 

X 

Cloth 

X 

X 

X 

X 

X 

Sheet 

X 

X 

X 

X 

X 

X 

X 

Wool 

X 

X 

X 

X 

X 

X 

Solid 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

Considering  the  remaining  materials,  asbestos  was 
rejected  due  to  its  lack  of  product  uniformity,  low 
dielectric  strength  and  its  susceptibility  to  weight 
and  phase  changes  in  the  range  of  the  program  service 
temperature.  Alumina  was  only  found  available  in 
board  and  was  also  found  to  need  significant  and 
impractical  d«i»c if lcatlon  to  achieve  optimum  perfor- 
mance properties.  Silica  and  alumina-silica  are  excel- 
lent high  temperature  thermal  and  electrical  insulations 
which,  when  appropr late  1 y stabilized,  have  a continu- 
ous service  celling  well  in  excess  of  1250°F.  Being 
available  in  yarn  anJ  cord,  these  products  were  retained 
as  potential  secondary  dielectrics.  Zlrconla  was 
rejected  as  it  was  only  available  in  stiff  board. 

Boron  nitride  was  found  to  be  sensitive  to  humidity 
which  affected  its  dielectric  strength,  and  to  require 
dens i f icat ion  for  optimum  performance.  Mixed  glasses 
were  rejected  as  in  general  they  are  susceptible  to 
deteriorative  phase  changes  in  the  range  of  the  program 
service  temperature.  Highly  specialized  mixed  glasses, 
such  as  "S"  and  "Z"  grades,  were  briefly  considered 
but  were  not  available  in  useful  yarn  or  cord  diameters. 
Beryllia  and  silicon  nitride  were  immediately  rejected 
as  they  were  only  available  as  solids.  The  remaining 
candidate  material,  mica,  has  an  excellent  combination 
of  thermal  stability  and  high  dielectric  strength 
versus  thickness  ratio.  Further,  as  a reconstituted 
fine  particle  size  paper,  it  also  has  excellent  flexi- 
bility. However,  in  this  latter  form,  mechanical 
strength  is  weak  and  is  a direct  function  of  moisture 
content,  thus  necessitating  the  addition  of  binders  to 
achieve  optimum  performance.  Mica  was  retained  as  a 
potential  candidate  primary  dielectric. 

Screening  tests  were  performed  on  a large  number 
of  potential  candidate  yarns  and  cords  fabricated  from 
silica  and  silica-alumina,  as  well  as  on  various 
commercial  types  of  reconstituted  mica  paper.  Selected 
examples  are  listed  in  Table  IV,  and  serve  to  show  the 
general  trend  of  performance.  As  described  in 
Appendix  A,  moisture  absorption,  weight  change,  mecha- 
nical handling  characteristics,  tensile  strength  and 
dielectric  strength  were  all  evaluated  in  an  effort  to 
rate  the  material's  performance. 

Of  the  yarns  and  cords  tested,  refractory  silicas 
and  the  chromia  stabilized  silicas  offered  the  best 
overall  combination  of  initial  and  retained  performance 
and  were  chosen  as  candidates  for  secondary  dielectrics 
or  protective  braids  in  the  prototype  wire  design. 

Of  all  the  materials  evaluated  as  potential  pri- 
mary dielectrics,  mica  was  considered  to  offer  the  best 
combination  of  dielectric  strength  and  potential 
mechanical  properties  coupled  with  being  available  in 
thin  enough  section  to  result  in  an  assembly  with  a 
potentially  good  space  factor.  In  particular,  mica 
paper  of  nominal  0.002  inch  thickness  made  from  very 
small  flake  was  particularly  satisfactory  and  was 


selected  as  the  preferred  candidate  primary  dielectric. 
However,  in  its  raw  state,  this  product  had  poor  tear 
strength,  was  susceptible  to  creasing,  and  disinte- 
grated in  high  humidity. 

Various  commercial  impregnated  mica  papers  and 
backed,  impregnated  mica  papers  were  obtained  and 
examined  and,  while  they  had  significantly  improved 
initial  mechanical  and  electrical  performance  charac- 
teristics, they  exhibited  high  weight  losses,  poor 
mechanical  strength,  heavy  smoking  and  fume  evolution 
and  poor  retained  dielectric  strength  after  exposure 
to  1250°F . 

From  these  results  it  was  concluded  that  a new 
impregnation  approach  for  mica  paper  was  needed  that 
would  overcome  these  deficiencies.  Three  approaches 
were  considered: 

(a)  Impregnation  with  easily  pyrolized  organic 

polymers . 

(b)  Impregnation  with  inorganic  salts. 

(c)  Impregnation  with  inorganic  polymers. 

Impregnation  with  organic  polymers  was  quickly 
rejected  as  it  was  realized  that,  although  the  polymer 
bound  mica  sheet  would  have  significantly  superior 
initial  handling  characteristics,  exposure  to  1250°F 
would  result  in  generation  of  smoke  and  carbonization 
and  the  mica  paper  would  ultimately  revert  to  its 
initial  raw  and  fragile  state  within  the  wire.  Some 
effort  was  expended  in  attempting  to  reduce  the 
susceptibility  of  silicone  polymers  to  evolve  copious 
silica  fume  on  pyrolysis,  to  no  avail. 

Much  time  was  spent  in  attempting  to  develop 
binders  based  on  in-situ  formation  of  oxides  of  selec- 
ted metals  from  salts  impregnated  into  mica  papers. 
Among  the  materials  evaluated  were  alkyl  silicates, 
poly(silicic  acids)  and  acid  esters,  titanium  esters 
and  poly (titanates) , zirconium  salts  and  organo 
zirconium  esters,  boron  salts  both  alone  and  in 
admixture  with  phosphates,  chromium  phosphinate  poly- 
mers and  inorganic  polymers  of  alkyl  tin  oxides. 

These  experiments  can  be  summarized  very  briefly. 
The  majority  of  the  salts  and  adducts  were  difficult 
to  incorporate  as  they  were  generally  prepared  in 
aqueous  solution  and  damaged  the  integrity  of  the  mica 
paper  during  impregnation. 

The  inorganic  salts  generally  caused  increased 
moisture  absorption,  higher  weight  losses  and  only 
marginal  improvements  in  initial  tensile  strength  and 
mechanical  handling  properties.  After  exposure  to 
1250°F,  the  composites  had  very  poor  handling  charac- 
teristics, significant  loss  of  tensile  strength  and 
poor  retained  dielectric  strength. 
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TABLE  IV 


PERFORMANCE  CHARACTERISTICS  OF  SELECTED  CANDIDATE  DIELECTRIC  HArt  IALS 


Moisture  Absorption  Handling  Properties  Tensile  Strength  Dielectric  Strength 


Material 

Form 

Tested 

Before  Exposure 

After  Exposure 

Weight 

Change 

«) 

Before  After 

Before  After 

Before  After 

to  1250°F 

to  12  50“F 

I250#F  I250#F 

1250’F  1250*F 

1250*F  1250°F 

w 

m 

(lb) 

(volta/all  thick) 

Ref  ractory 

Yarn/ 

5-12 

5-8 

1.5- 

Good  flexibility  & 

5-10  5-10 

_ _ 

silica 

cord 

3.0 

abrasion  resistance 

loss 

Ref  ractory 

Yarn/ 

1.5-4 

0.5-5 

1.5 

Good  flexibility  & 

5-15  5-15 

- 

silica 

chromia 

doped 

cord 

loss 

abrasion  resistance 

Fused 

Yarn 

0.5 

0.05 

0.1 

Good  flexibility  & 

5-10  5-10 

- 

quartz 

loss 

abrasion  resistance. 
Significant  deter- 
ioration on  thermal 
exposure 

Alumina/ 

Yarn 

3.0 

0.05 

20.0 

Good  flexibility  & 

2. 5-5.0  2. 5-5.0 

- 

silica 

loss 

abrasion  resistance. 
Significant  deter- 
ioration on  thermal 
exposure . 

Recon- 

Paper 

0.1 

0.1 

0.1 

Excellent  flexi- 

1.5-2.0  1. 5-2.0 

1. 5-2.0  1. 5-2.0 

st  ituted 

loss 

bility,  poor 

mica 

abrasion  & tear 
strength 

Alumina/ 

Paper 

0. 5-1.0 

0. 5-1.0 

4-7 

Excellent  flexi- 

1.5-2.0 

1.5  1.0 

silica 

loss 

bility,  poor 
abrasion  & tear 
strength 

Upon  completion  of  the  various  series  of  experi- 
ments which  studied  different  approaches  to  impreg- 
nating the  candidate  mica  primary  dielectric,  it  was 
concluded  that,  although  the  studies  had  revealed  some 
interesting  combinations  of  materials,  none  were 
suitable  for  use  as  a flexible,  high  temperature 
resistant  dielectric.  Concurrently,  although  commer- 
cial silicone  impregnated  mica  papers  and  tapes  had 
excellent  initial  properties,  their  postfired  charac- 
teristics showed  significant  deterioration  coupled 
with  fuming  and  exudation  during  Initial  high  tempera- 
ture exposure.  It  was  felt  that  if  an  organometallic 
polymer  similar  to  a silicone  resin  could  be  identified, 
having  good  initial  performance  properties,  while 
retaining  a significant  measure  of  these  without 
fuming  or  exudation,  this  material,  in  combination 
with  mica  paper,  would  probably  result  in  a satis- 
factory primary  dielectric.  Accordingly  a literature 
review  was  made  to  gain  familiarity  with  the  chemistry 
and  to  act  as  a guide  to  further  evaluation. 

Within  the  past  twenty  years  there  has  been  a 
concerted  effort  to  develop  practical  "inorganic 
polymers"  with  the  general  target  being  thermal 
stability  and  resistance  to  oxidation  and  hydrolysis. 

One  approach  has  been  to  develop  homochain  inorganic 
polymers  which  show  comparable  performance  to  organic 
equivalents;  however,  the  internal  bond  strength  of 
organic  polymers  is  so  significantly  superior  to  their 
inorganic  analogs  that  little  success  has  ben  reported. 
Efforts  to  develop  heterochain  polymers  have  met  with 
with  more  success,  however,  the  bonds  in  these  polymers, 
while  in  many  cases  stronger  than  organic  analogs,  are 
equilibrium  dependent  rather  than  kinetically  influ- 


enced. Thus  the  susceptibility  for  molecular  rearran- 
gement is  high  and  this  type  of  deterioration  is 
frequently  more  objectionable  than  oxidative  charring. 

Among  the  most  popular  elements  incorporated  into 
inorganic  polymers  are  boron,  oxygen,  and  phosphorus 
and  nitrogen.  In  many  instances  silicon -oxygen 
linkages  are  an  integral  part  of  the  polymer  backbone 
which  tends  to  yield  materials  similar  to  the  silicone 
resins.  If  a proportion  of  the  silicon  is  in  turn 
substituted  by  another  element,  yielding  polymetta- 
loxanosi loxanes , some  measure  of  improved  thermal 
stability  is  achieved. 

One  approach  to  this  has  been  the  subject  of 
intensive  research  for  the  last  10-15  years  under 
sponsorship  by  various  U.S.  Government  agencies,  and 
has  led  to  the  development  of  thermally  and  chemically 
stable  polymers  containing  boron  as  an  essential 
element.  The  chemistry  of  these  polymers  is  both 
complex  and  sophisticated;  the  extensive  literature 
on  the  subject  has  been  admirably  compiled  by  the 
National  Technical  Information  Service  under  the 
title  Polycarboranes  (NTIS/PS-75/554) . For  the 
purposes  of  this  paper  it  is  sufficient  to  say  that  a 
poly (carborane)  is  basically  a silicone  polymer  in 
which  has  been  introduced  a highly  stable  and  pro- 
tective cage  composed  of  either  5 or  10  boron  atoms 
(Figure  1).  The  net  effect  of  this  substitution  is 
a significant  increase  in  thermal  stability  with  a 
concurrent  reduction  in  smoke  and  fume  evolution. 

Poly (carborane  siloxanes)  have  found  some  use  in 
stationary  phases  for  gas  chromatography  and  experi- 
ments have  shown  them  to  be  useful  as  coatings  and 
gasketing  up  to  1000°F. 
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As  an  initial  evaluation  of  these  most  promising 
of  the  organoroet a 1 lie  polymers,  samples  were  procured 
and  characterised  by  differential  scanning  calorimetry 
and  thermogravimetric  analysis.  Representative  results 
are  shown  in  Table  V.  It  can  be  seen  that  there  is  a 
significant  improvement  in  resistance  to  oxidative 
degradation.  These  polymers  offer  the  further  advan- 
tage of  being  soluble  in  common  aromatic  solvents,  thus 
allowing  easy  incorporation  into  an  absorptive  sub- 
strate such  as  mica  paper. 

TABLE  V 

THERMAL  ANALYSIS  OF  SELECTED  POLY  (CAR BORAN KSj 
(Temperature  25  to  600°C) 

Onset  of  Total  Weight 

Material  Weight  Loss  in  Air  Loss 

_ °C  % 


10  boron 
containing 

250-300 

5-15 

5 boron 
containing 

150-250 

10 

Poly (siloxane) 

125-175 

25-75 

control 


Using  a development  sample  of  a decaborane  silox- 
ane  polymer  solubilized  in  xylene  as  impregnant,  a 
brief  series  of  experiments  was  undertaken  using 
0.002  inch  thick  mica  paper  to  determine  if  the  use 
of  these  materials  had  any  merit.  Completely 
unexpectedly,  the  initial  samples  showed  an  outstanding 
combination  of  performance  properties,  most  of  which 
showed  significantly  less  property  degradation  after 
exposure  to  1250°F.  As  can  be  seen  in  Table  VI,  a 
representative  number  of  poly (carborane  siloxane) 
impregnated  mica  tapes  have,  at  substantially  lower 
loadings  of  polymer,  a combination  of  performance 
properties  which  make  them  highly  attractive  for  use 
as  the  primary  dielectric.  It  should  also  be  mentioned 
that  these  tapes  have  no  supportive  backing,  whereas 
the  control  has  unidirectional  glass  filament,  and 
that  there  is  no  detectable  smoke  or  fume  given  off 
by  these  materials  during  pyrolysis. 

Following  this  initial  success,  considerable 
effort  was  expended  to  optimize  polymer  loadings  and 
cure  schedules  to  achieve  a tape  which  was  success- 
fully used  as  the  primary  dielectric  in  the  first 
prototype  high  temperature  resistant  wire.  It  is 
believed  that  this  poly (carborane)  Impregnated  mica 
tape  represents  the  first  in  a whole  new  family  of 
novel  high  temperature  stable  mica  insulation. 

3. 3 Armour 

After  due  consideration  of  other  reported 
approaches  to  wire  armouring,  a tubular  knitted  mesh 
outer  sheath  was  chosen,  for  optimum  flexibility  with 
abrasion  resistance.  This  was  especially  important 
in  light  of  the  fact  that  it  was  intended  to  overlay 
the  multiple  layers  of  poly (carborane)  impregnated 
mica  tape  with  an  outer  braid  of  refractory  yarn. 
Oxidation  resistance  was  achieved  by  using  a 24  AWG 
Inconel  600  wire. 

Although  braided  sheathing  was  not  completely 
rejected,  to  achieve  a metallic  braid  armour  which 
would  be  both  flexible,  light  inwelghtand  non-abrasive 
to  the  layers  below  would  necessitate  braiding  at  a 
low  percentage  coverage;  this  would  run  the  risk  of 
displacement  on  flexing  or  vibration  resulting  in  gaps 


in  the  armour.  Failure  of  any  of  the  strands  in  the 
braid  would  tend  to  weaken  the  whole  braid  in  that 
plane  as  the  wire  worked  free,  whereas  a break  in  the 
knit  at  any  spot  would  cause  minimal  damage  us  a knit 
structure  failure  tends  not  to  propagate. 

Evaluation  of  both  the  24  AWG  knit  wire  and  a 
lighter  16  AWG  wire  showed  minimal  oxidative  degrada- 
t ion  over  1000  hours  at  1250°F,  with  no  significant 
loss  of  tensile  strength  or  flexibility.  Thus  the 
Inconel  knit  was  considered  satisfactory  for  use  as 
the  prototype  overarmour. 

..  mi  ffijLY 

Twenty-f ive  feet  of  12  AWG  Inconel  600  sheathed 
fine  silver  wire  was  overbraided  with  a single  layer  of 
refractory  silica  yarn  on  a Wardwell  braider,  giving 
a pick  count  of  -25  per  inch.  This  in  turn  was  over- 
laid with  four  layers  of  poly ^carborane)  impregnated, 
unbacked,  0.002  inch  thick  mica  paper  applied  as  a 
0.25  inch  wide  tape,  helically  butt  wound  with  a 25% 
advance.  This  in  turn  was  overlaid  with  a second 
braid  of  refractory  silica  yarn  at  a pick  of  -16  per 
inch.  The  armour  was  then  knitted  in  place  using 
24  AWG  Inconel  600  wire. 

5.  PROTOTYPE  WIRE  PERFORMANCE 

Table  VII  compares  the  performance  of  the  proto- 
type wire  with  the  requirements  detailed  in  the 
Statement  of  Work.  It  can  clearly  be  seen  that  this 
wire  design  meets  or  exceeds  virtually  all  of  the 
specifications . 

6.  CONNECTOR  DEVELOPMENT,  PHASE  I 

As  mentioned  at  the  beginning  of  the  paper,  the 
connector  design  and  development  was  subcontracted. 

The  Phase  I effort  on  behalf  of  this  subcomponent 
was  limited  to  the  choice  and  evaluation  of  materials 
for  the  connector  and  establishment  of  a prototype 
design  for  fabrication  in  Phase  II.  This  program  was 
successfully  completed. 

7.  PROGRAM  STATUS  1976 

The  mandate  for  Phase  II  was  to  optimize  the 
prototype  units  and  prove  the  commercial  feasibility 
of  volume  production.  This  has  largely  been  achieved. 

A complete  family  of  conductors  from  12  AWG 
through  22  AWG  inclusively  has  been  fabricated  in 
long  lengths  (>100  continuous  feet)  and  certified. 

Braiding  of  both  the  inner  and  outer  refractory 
yarn  layers  has  been  optimized  and  proven  for  long 
lengths  on  commercial  equipment. 

A refractory  yarn  having  significantly  improved 
performance  to  the  preferred  Phase  I material  has 
been  identified  and  successfully  substituted. 

The  primary  dielectric  poly (carborane)  impregnated 
mica  tape  has  been  optimized  in  bench  studies;  pilot 
trials  are  scheduled  shortly. 

The  overarmouring  has  been  optimized  as  to  wire 
diameter  and  loop  size;  long  lengths  of  armour  have 
been  successfully  knitted. 

Four  conductor  cable  has  been  fabricated  and 
successfully  tested. 
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TABLE  VI 

COMPARATIVE  PERFORMANCE  OF  SELECTED  POLY (CAKBORANE)  IMPREGNATED  MICA  TAPES 


Sample 

Impregnant 
Load 
% w/w 

Moisture  Gain 

Before  After 
Exposure  to 
1250°F 

% 

Weight 

Change 

Mechanical  Handling 
Initial  Retained 

Tensile  Strength 

(psi) 

Initial  Retained 

Dielectric 
Strength 
Kv/mil  thick 

Initial  Retained 

Comments 

A 

3.0 

M) 

0.48 

-0.7 

Excel  lent 

Very  good  7,000 

to  excellent 

12,400 

2.25 

2.00 

No  flaming, no 
fuming 

B 

5.5 

0.1 

0.45 

-0.5 

Excel  lent 

Very  good  7,500 

to  excellent 

9,600 

2.21 

2.21 

No  flaming, no 
fuming 

C 

15.2 

0.4 

0.50 

+0.2 

Excellent 

Very  good 

15,100 

11,800 

2.05 

2.10 

No  flaming, no 
f timing 

Control 

poly 

(s iloxane) 
commerc ial 
0.002" 
tape 

^23 

0.  16 

1.8 

-14.5 

Excel  lent 

Poor 

27,000 

820 

>2.6 

1.0 

Heavy  smoke, 
flame  6 silica 
f urne 

TABLE  VII 

PERFORMANCE  OF  PROTOTYPE  WIRE 


Test 

Specif ication 

Prototype 

Conductor  resistivity 
(microohm-cm) 

<6 

12  AWG  2.72 

22  AWG  2.76 

Tensile  strength  (psi) 

35,000 

12  AWG  58,900 

22  AWG  54,000 

Insulation  resistance 
(megohms/ ft) 

>1  $ 12  50°F 

1.3 

Dielectric  strength  (KV/AC) 

1.2  under  all  conditions 

2.0  - >5.0 

Mandrel  flex 

D20X  wire  diameter 

Passed 

Thermal  shock  resistance 

MIL  STD  20 2D 

Passed 

Vibration  resistance 

10-2000  cps  20G 

Passed 

Mechanical  shock  resistance 

50  G 11  ±1  millisecond 

Passed 

Abrasion  resistance 

- 

Failed  at  30  inches  of  garnet  tape 

Flame  resistance 

Fed.  STD  228,  #5211 

Passed 

Life  cycle 

As  specified  Statement  of  Work 

Passed  >10  cycles.  Full  cycle 
planned  Phase  II. 

Flex  & flex  fatigue 

20X  wire  diameter 

Planned  Phase  II 

Blocking 

- 

None 

Shr inkage 

0.06  inches 

None 

Sublimation 

Specify  under  all  conditions 

Minimal 

Prototype  connectors  have  been  fabricated  and 
successfully  certified,  using  the  design  and  materials 
information  developed  in  Phase  I. 

The  connectors  have  been  found  fully  compatible 
with  the  wire  conductor  and  insulation  package. 
Successful  termination  of  insulated  wire  to  the 
connector  has  been  demonstrated. 

Full  certification  testing  is  underway  and  shows 
every  indication  of  success. 


Although  this  program  was  intended  to  develop  an 
aerospace  wire  and  connector  system,  it  has  become 
obvious  from  continued  experimentation  that  there  are 
many  other  potential  end  use  applications  which  could 
benefit  from  the  unique  combination  of  performance 
properties  inherent  in  this  design.  It  has  been  found, 
for  example,  that  the  wire  is  fully  capble  of  carrying 
in  excess  of  2 KV  for  over  8 hours  in  an  1800°F 
environment  and  after  cooling  and  flexing  over  a 
mandrel  of  10-20X  continuing  to  carry  the  voltage  for 
a further  extended  period  of  time. 
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The  components  have  been  established  as  com- 
pletely stable  for  an  extended  period  of  time  in 
high  radiation  areas. 

Even  under  very  severe  direct  flame  conditions 
the  cable  does  not  propagate  and  releases  minimal 
levels  of  fume. 

These  experiments  suggest  immediately  applica- 
tions in  nuclear  facilities,  rapid  transit  systems, 
shipboard  wiring,  commercial  aircraft,  chemical 
plants,  institutional  and  high  rise  wiring  and 
emergency  control  and  lighting  systems  among  others. 
An  ongoing  program  has  been  mounted  to  explore  these 
possibilities. 

Full  details  of  the  Phase  I program  have  been 
published  and  are  available  from  the  U.S.  National 
Technical  Information  Service  under  the  code 
AD  N74- 786890/4GA. 
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APPENDIX  A 


SHORT  TERM  TEST  CYCLE  FOR  MATERIALS  EVALUATION 

1.  All  samples  handled  in  platinum  crucibles. 

2.  Record  weight  of  crucible  (Wl). 

3.  Bring  to  constant  weight  at  200°C,  record  (W2). 

4.  Expose  Uo  100%  R.H./77°F  for  1 hour,  record  (W3). 

5.  Expose  to  1250°F  in  air  for  55  minutes, cool  for 

5 minutes;  expose  to  1250°F  for  60  minutes;  cool 
to  room  temperature,  record  (W4). 

6.  Expose  to  100%  R.H./77°F/or  1 hour,  record  (W5) . 


% moisture  gain  before  exposure  to  1250°F 

% moisture  gain  after  exposure  to  1250°F 
W5  - W4 

wT^wI  * 100 

% weight  change  after  exposure  to  1250°F 
W4  - W2 


W2  - Wl 


x 100 


In  all  instances  where  another  characteristic, 
i.e.  handling,  is  reported  "after  1250°F  exposure", 
it  is  performed  on  the  sample  after  this  test  cycle 
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ALUMINIUM  WAVEGUIDE 
WITH 

ALUMINIUM  OXIDE  DIELECTRIC  LINING 


by  conversion  of  the  TE^  mode  into 
undeeired  modes.  To  reduce  this  con 
version  two  kinds  of  waveguides  are 
used! - 


Friedrich  Krahn 

Felten  St  Guilleaume  Carlawerk  AG 
Cologne 
West  Germany 


- a dielectric  lined  waveguide  consisting 
of  a tube,  the  inside  of  which  is  highly 
conductive  (Cu  or  Al)  and  coated  with 
a dielectric  layer 


SUMMARY 

In  an  optimum  millimetric  waveguide 
system  dielectric  lined  waveguides  with 
a certain  percentage  of  helix  waveguides 
are  used.  To  avoid  peeling  of  the  die- 
lectric layer  a new  waveguide  has  been 
developed.  It  consists  of  an  aluminium 
tube  of  70  mm  diameter  lined  with 
aluminium  oxide  and  fitted  with  precision 
flanges. 

The  tube  production  steps  are  extrusion, 
drawing  and  straightening.  The  geometrical 
tolerances  of  the  tubes,  in  particular, 
the  critical  axis  deviation,  are  suffi- 
ciently small.  The  dielectric  oxide  layer 
is  produced  by  "hard  coating",  an  electro- 
chemical process.  This  layer  has  excellent 
mechanical  and  satisfactory  electrical 
properties.  The  tube  length  is  5 m. 

The  waveguide  has  excellent  mechanical 
pronerties,  e.g. , bending  radii  < 60  m 
are  possible  without  permanent 
deformation. 

Theoretical  calculations  and  electrical 
measurements  show  that  this  waveguide 
has  an  attenuation  < 1.5  dB/km  in 
the  frequency  range  between  35  and  110  GHz. 

INTRODUCTION 

A millimetric  waveguide  suitable  for 
long  distance  transmission  consists  of 
a round  conducting  tube,  the  inner  dia- 
meter of  which  is  usually  between  50  and 
70  mm.  The  waveguide  is  operated  in 
the  low-loss  mode  in  a frequency 

range  between  30  and  110  GHz. 

The  attenuation  of  the  waveguide  increases 


ai - tube 


Dielectric  'Oyer 

— 


X 

or  Cu  - plot e a s teei  tube 


Fig.  1 Construction  of  a dielectric 
lined  waveguide 

- a helix  waveguide  consisting  of  a tube 
made  by  a helically  wound  copper  wire 
surrounded  by  a dielectric  shield. 

A cladding  is  provided  for  mechanical 
purposes. 


Fig,  2 Construction  of  a helix 
waveguide 
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The  electrical  attenuation  of  a waveguide 

is  caused  by:- 

- the  finite  conductivity  of  the  inside 
of  the  tube 

- the  dielectric  lining 

- the  geometrical  imperfections  of 
the  tube,  especially  the  inner  axis 
curvatures 

- the  misalignment  of  the  tube  couplings. 

The  typical  TEq1  attenuation  as  a function 

of  the  frequency  is  shown  in  Fig.  3. 


tO  30  SO  30  30  no 

F eqjency  I GH/  » 

Fig.  3 Typical  TEQ1  attenuation  in 
a millimetric  waveguide 

An  optimum  waveguide  line  is  a hybride 
system  consisting  of  dielectric  coated 
waveguides  with  a certain  percentage 
of  helix  waveguides.  A capacity  up  to 
500  000  voice  circuits  and  a repeater 
spacing  up  to  50  km  can  be  reached. 

In  a conventional  dielectric  lined 
waveguide  peeling  of  the  lining  and  thu3 
a reduction  in  the  service  lifq  may  occur. 
To  avoid  this  effect  a new  waveguide 
has  been  developed. 

TUBE  PRODUCTION 

As  tube  material  a malleable  AlMgSi  alloy 
•vas  chosen  (aluminium  with  small  addi- 
tions of  magnesium  and  silicon). 


The  first  production  step  is  extrusion: 
from  an  aluminium  block  a preformed  tube 
is  pressed  with  an  inner  diameter  and 
wall  thickness  somewhat  larger  than 
the  corresponding  dimensions  of  the  finishai 
tube.  Nevertheless,  the  preformed  tube 
must  have  a uniform  wall  thickness  and 
diameter. 

This  preformed  tube  is  drawn  in  two  steps, 
so  that  a tube  is  obtained  with  the  final 
dimensions: 

inner  diameter  70  mm 

wall  thickness  4 mm. 

This  tube  has  a uniform  wall  thickness. 
Although  cross-section  fluctuations 
(diameter  deviation,  ellipticity,  3rd 
order  deviations)  are  sufficiently  low, 
the  required  straightness  is  not  obtained. 

With  a straightening  machine  the  following 
problems  had  to  be  solved:- 

- how  to  obtain  the  required  straightness 

- how  to  keep  the  periodical  tube-diameter 
deviations  caused  by  the  straightening 
rolls  sufficiently  small. 

The  best  type  proved  to  be  a 6-roll 
straightening  machine  (1).  The  machine 
was  built  specially  for  the  production 
of  waveguide  tubes.  The  profile  of 
the  straightening  rolls  was  exactly 
adapted  to  the  7b  mm  outer  tube  diameter. 

A mean  effective  bending  radius  > 3000  m 
and  periodic  deviations  < 1 ft  m (peak  to  peak) 
were  obtained  with  this  machine. 


QIXJZIILQIi 

Zone  of  plcstic  tube  de  for  not  ton 


Fig.  4 Principle  of  a 6-roll  straightening 
machine 
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DIKLiv.'  i’RI  ' LIMM 

In  unlined  round  waveguides  the  phase 
constants  of  the  TEqi  m0^e  the  un- 

desired  TT.l^  mode  are  equal.  A complete 
conversion  between  these  modes  thus 
occurs  and  long  distance  transmission  is 
possible. 


The  TEq1  and  TM1 , modes  are  decoupled  by 


‘1 1 


a dielectric  layer  inside  the  tube. 


— = A 

(l  * 


u-'l 


(2) 


between  TE 


01 


and  TM 1 1 mode 


A = Constant  factor 


O 

(3  = Phase  constant  of  the  TEq^  mode,)*-  — 
p (i = Difference  of  phase  constants 


the  layer 

d = Layer  thickness 
a = Inner  radius  of  the  tube 


The  mechanical  properties  of  the  oxide 
layer  are  excellent.  The  hardness  is 
greater  than  that  of  steel,  the  melting 
point  higher  than  1000°  C and  peeling  of 
the  layer  practically  impossible. 

The  electrical  properties  of  the  oxide 
layer  are  satisfactory.  The  loss  factor 
( tan o ) was  measured  as  3* 10  for  wave- 
guide frequencies.  This  value  is  high 
compared  with  other  dielectric  materials, 
i.e.,  polyethylene  ( tan  & « 2* 1 0“^) , but 
as  the  dieleotric  constant  is  as  high  as 
8 the  layer  thickness  may  be<100/m  and 
the  lining  still  provide  sufficient  de- 
coupling between  the  TE^  mode  and  the  un- 
desired TM^  mode.  The  electrical  attenua- 
tion caused  by  the  dielectric  lining  is 
sufficiently  small. 


The  dielectric  layer  causes  losses  of 
the  TEq1  mode 

- inherent  losses  in  the  layer 

<0  = B (K  4ai  Z ■ £ d (d<-<  a,  £() 

A«.,  = Additional  loss 
= Constant  factor 
inri  - Loss  factor  of  the  layer 
f = Frequency  of  the  TEq1  mode 
^ = Cut-off  frequency  of  the  TEq1  mode 

- losses  due  to  the  influence  of 
the  layer  on  the  electric  field 

A cf?  = C ■ ((*-  /t)  j,  d 

= Additional  loss 
C = Constant  factor 

Because  of  these  losses  the  layer  must 
not  be  too  thick.  To  provide  sufficient 
decoupling  between  the  TEq1  and  TM^  mode 
the  optimum  thickness  is  a function  of 
the  geometrical  properties  of  the  tube  and 
the  electrical  properties  of  the  lining. 

In  order  to  avoid  peeling  of  the  dielectric 
layer  the  possibility  of  providing 
the  lining  by  oxidizing  the  inner  tube 
surface  was  studied. 


The  process  of  getting  a sufficiently 
thick  oxide  layer  is  known  as  "hard 
coating"  (3).  The  layer  is  obtained  by 
an  electrochemical  process.  The  aluminium 
tube  is  connected  to  the  positive  and 
an  aluminium  cylinder  inside  the  tube 
to  the  negative  pole  of  a current  source. 

A refrigerated  electrolyte  is  pumped 
through  the  tube. 

The  uniform  thickness  of  the  layer  (+  2 //m 
was  obtained  by  preliminary  treatment  of 
the  inner  tube  surface,  exact  centering 
of  the  internal  cylinder  and  pumping 
the  electrolyte  at  sufficiently  high 
speed  through  the  tube. 


Fig.  5 Principle  of  the  hard  coating 
process 
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TUBE  COUPLINGS 


The  average  tube  length  is  5 m.  To  avoid 
mode  conversion  by  periodical  geometric 
distortion  the  tube  length  in  a waveguide 
line  will  be  statistically  between  4.80 
and  5.20  m. 

The  tubes  are  coupled  by  "unit  flanges" 
developed  by  the  German  Post  Office 
Research  Centre  ( Pemmeldetechnisches 
Zentralamt)  together  with  several  German 
companies.  They  consist  of  precision 
screw  collar  rings  screwed  on  the  tube 
ends  and  bonded  with  an  adhesive. 

The  couplings  are  adjusted  by  a centering 
ring  and  fixed  by  screws. 


Sealing  ring 

Waveguide  tube  Centering  ring  Fixing  boll 


Fig.  6 Unit  flange  waveguide  coupling 

MECHANICAL  MEASURING  EQUIPMENT 

Three  kinds  of  tube  properties  were 
measured:- 

- cross-section  fluctuations 

- straightness  deviations 

- lining  thickness  fluctuations. 

All  the  measuring  probes  operate  con- 
tinuously. They  are  pulled  at  a constant 
speed  through  the  tube  by  an  electric  motor. 

CROSS-SECTION  FLUCTUATIONS 


mitted  to  an  inductive  displacement  pick-up 
which  gives  an  electrical  signal  propor- 
tional to  the  distance  of  the  feelers. 

The  amplified  signal  is  recorded.  Diameter 
deviations  of  about  0.2  pn  can  be  detected. 
Ellipticity  and  deviations  of  higher  order 
are  measured  by  rotating  the  tube  along 
the  axis. 

STRAIOHTKESS  DEVIATIONS 

The  mechanical  scanning  probe  consists  of 
two  connected  sliding  carriages.  The  angle 
between  the  longitudinal  axes  of  the 
carriages  indicates  the  curvature  of 
the  tube  axis.  The  change  in  angle  is 
transmitted  to  an  inductive  displacement 
pick-up.  The  electrical  pick-up  signal 
is  amplified  and  recorded. 

The  precision  of  the  straightness 
measuring  equipment  allows  the  detection  of 
bending  radii  between  15  and  50  000  m. 
During  one  measurement  run  curvatures 
corresponding  to  radii  even  larger  than 
50  000  m can  be  detected. 

This  equipment  also  allows  the  measurement 
of  the  angular  and  axis  misalignments 
between  the  tube  couplings. 

DIKING  THICKNESS 

The  measuring  method  is  as  follows:- 
A high  frequency  current  is  passed  through 
a coil  which  has  a distance  from  the  layer 
defined  by  a mechanical  scanning  saphire 
feeler.  The  magnetic  field  of  the  coil 
causes  eddy  currents  in  the  aluminium  and 
the  amount  of  electrical  energy  extracted 
by  eddy  currents  indicates  the  lining 
thickness. 

The  reproducibility  of  the  measurements 
is  +2  yun.  Thickness  variations  evenOpi 
will  be  recorded  during  one  measuring  run. 


A mechanical  scanning  probe  was  used. 
The  relevant  movement  of  two  opposed 
feelers  scanning  the  diameter  is  trans- 
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MECHANICAL  PROPERTIES  OF  THE  WAVEGUIDES 
- GEOMETRICAL  TOLERANCES  DUE  TO 
MANUFACTURING  PROCESS 


The  tolerances  are  summarized  in 
the  following  tablet 


Diameter 


Differences  from  tube  to  tube  + 20  pm 
Mean  effective  diameter  devia- 
tion in  each  tube  < 5 p 

Ellig tici t^ 


Systematical  ellipticity 
^max  ~ ^min^ 

Mean  effective  elliptic  variation 
Higher  order  cross  section 
deviations 


< 30  pm 

< 5 pm 

< 3 p 


Straightness 


Mean  effective  bending  radius  > 3000  m 
Couglings 


Mean  effective  radial  misalignments  50  pm 
Mean  effective  angular  misalignment  < 1 . 5* 
Lining 


Thickness  60  pm 

Thickness  deviation  + 2 pm 


- GEOMETRICAL  TOLERANCES  DUE  TO 
FORCED  CURVATURES 

As  a practical  waveguide  line  will  contain 
bends  with  radii  down  to  100  ra  there  will 
be  a tube  deformation  caused  by  external 
forces.  The  influence  of  these  forces 
on  the  tube  was  investigated: 

- the  elliptic  diameter  caused  by 
forced  curvatures 

- the  range  of  tube  elasticity 

- the  range  of  coupling  elasticity. 

Results 

- The  ellipticity  caused  by  forced 
curvatures  is  shown  in  the  following 
table 


R fm] 

200 

100 

75 

50 

30 

25 

20 

42lH 

1 

1 

1 



2.5 

10 

14 

20 

R : bending  radius  of  forced  curvatures 
4.  : contraction  of  minor  tube  axis 


The  ellipticity  makes  only  a negligible 
contribution  to  the  total  attenuation. 

- The  tubes  may  be  bent  down  to  radii < 30  m 
without  permanent  deformation. 

- The  couplings  may  be  bent  down  to  radii 
of  50  m without  permanent  angular  mis- 
alignment. 

The  results  show  that  the  waveguide  tubes 

may  be  installed  in  practice  in  waveguide 

routes  (r  . = 100  m)  without  any  de- 

mm 

formation  problems. 

ELECTRICAL  ATTENUATION  CALCULATIONS 

The  calculation  of  the  TEg^attenuation 
due  to  random  axis  curvatures  are  based 
on  studies  carried  out  by  Kettler  (4) 
regarding  the  power  density  spectrum  of 
the  axial  curvature  frequencies. 

The  attenuation  due  to  the  other  geo- 
metrical imperfections,  the  dielectric 
lining  and  the  finite  conductivity  of 
the  tube  itself  are  calculated  with 
a computer  programme  by  Garlichs  (5), 
based  on  his  own  investigations  (6),  on 
investigations  by  Unger  (7)  and  those 
by  Janssen  and  Odemar  (8). 

Fig.  7 shows  the  calculated  total 
attenuation  and  the  different  parts. 


Frequency  tGHi  ♦ 


Fig.  7 Calculated  TEq1 -attenuation  of 
the  aluminium  waveguide  with 
aluminium  oxide  dielectric  lining 
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01  Ideal  “ attenuati°n  due  to  the  finite 
conductivity  of  the  tube 
oc^  = attenuation  due  to  diameter 
deviations 

rv  = attenuation  due  to  the  dielectric 

layer 

^ = attenuation  due  to  axis 

deviations 

= attenuation  due  to  angular 
misalignment  at  couplings 


Inner  diameter 


: 70  mm 


Thickness  of  dielectric  lining  : 67  mm 

The  attenuation  is  caused  mainly  byt- 

- theoretical  losses 

- losses  by  the  dielectric  lining 

- angular  misalignment  on  couplings 

- straightness  deviations. 


A difference  between  the  calculated  and 
measured  attenuation  may  occur,  as 
the  property  of  the  transition  zone 
between  the  aluminium  oxide  lining  and 
the  pure  aluminium  is  not  known  in 
sufficient  detail.  (Although  it  should  be 
known  from  the  loss-factor  measurements.) 
This  zone  may  cause  a slight  increasing 
of  the  attenuation. 

Nevertheless,  the  total  TEq1 -attenuation 
should  be  far  below  1.5  dB/km  up  to  110  GHz. 

ELECTRICAL  ATTENUATION  MEASUREMENTS 

The  measurements  have  been  carried  out  by 
the  German  Post  Office  Research  Centre. 

The  attenuation  is  determined  by  a shuttle 
pulse  method. 

The  measurements  which  have  been  made  up 
to  now  show  an  attenuation  < 1.2  dB/km 

M) 

between  35  and  70  GHz  . In  this  range 
theoretical  and  experimental  values  are 
nearly  the  same  so  that  it  may  be  assumed 
that  the  attenuation  will  keep  this  low 
value  up  to  a frequency  of  110  GHz. 


♦)  It  may  be  possible  to  report  the  results 
at  the  conference  for  higher  frequencies 


CONCLUSION 

An  aluminium  waveguide  with  an  aluminium- 
oxide  dielectric  lining  has  been  developed. 
As  the  electrical  attenuation  is  below 
1.5  dB/km  between  35  and  110  GHz 
the  mechanical  properties  are  good. 

A peeling  of  the  dielectric  lining 
is  practically  impossible  and  the  pro- 
duction costs  are  estimated  to  be  not 
higher  than  for  other  dielectric  lined 
waveguides  so  that  the  aluminium  wave- 
guide seems  to  be  a well  suited  element 
for  a millimetric  waveguide  system. 

REFERENCES 

(1)  A.N.  Brown,  "Selection  of  Cross  Roll 

Straightening  Machines 
for  Rounds  and  Tubes" 

Iron  & Steel  International. 
August  1973 

(2)  H.G. Unger,  "Circular  Electric  Wave 

Transmission  in  a Dielectric 
Coated  Waveguide" 

Bell  Syst.  Techn.  Journ.  VI. 


(3)  H.  Benninghof,  "Fortschritte  der  Ano- 

disiertechnik; 
Galvanotechnik  63. 
(1972)2,  P,  169  - 174 

(4)  G.  Kettler,  "Spektralanalyse  regel- 

loser  AchskrUmmungen  in 
Hohlkabelrohren  ...  ", 

FTZ  452  TBr  28. 


December  IS 


(5)  Q.  Garlichs, "Private  Communication" 

(6)  G.  Garlichs, "Phasenkonstanten  und 

SchwebungswellenlHngen 
der  Eigenwellen  im 
dielektrisch  beschichteten 
Rundhohll ei t er" , 

FTZ  333  TBr  24. 

November  1973 

(7)  H.G. Unger,  "Lined  Waveguide", 

Bell  Syst.  Techn.  Journ.  41. 
(1962),  p.  745  - 766 

(8)  W. Janssen  "Toleranzen  bei  Hohlleitern 


N. Odemar 


der  Weitverkehrstechnik" 


258  - 265 


i 


ACKNOWLEDGEMENT 

The  author  wishes  to  thank  the  German 
Post  Office  Research  Centre,  especially 
Mr.  Richter,  for  the  attenuation 
measurements  and  Mr.  Garlichs  and 
Mr.  Kettler  for  the  computer  programmes 
to  calculate  the  attenuation.  Also 
his  colleague  Mr.  Brumann  for  carrying 
out  the  mechanical  measurements  and 
his  assistance  in  evaluating  the  computer 
data. 

This  research  work  was  sponsored  by 
the  Minister  of  Research  and  Technology 
of  the  West  German  Government. 


Friedrich  Krahn  graduated  from 
the  University  of  MUnster  in  1970 
with  a Dr.  rer.  nat.  in  Physics. 

He  then  joined  Felten  <t  Guilleaume 
Carlswerk  AG  and  was  first  engaged 
in  the  field  of  innovation  and 
diversification.  In  1973  he  was 
appointed  head  of  the  department  for 
the  development  of  millimetric 
waveguides  and  optical  communication 
cables. 


222 


Testing  of  Tensile  Strength  of  Optical  Fiber  Waveguides 


by 

C.  K.  Kao  M.  Maklad  T.  Reed 


ITT  ELECTRO-OPTICAL  PRODUCTS  DIVISION 
P.  0.  Box  7065 
Roanoke,  Virginia  24019 


I nt roduct ion  Discussion 

The  tensile  strength  of  an  optical  If  the  fibers  are  made  by  a consistant 

fiber  waveguide  is  an  important  parameter  process,  then  the  statistics  of  flaws  is  well 

for  cable  design.  It  determines  both  the  defined.  If  there  are  more  than  one  way  for 

stress  levels  permitted  along  the  fibers  the  flaws  to  be  formed  in  that  proce1  , then 

during  cabling  and  during  service.  In  the  flaw  distribution  may  be  multimodal  and 

general,  strong  fibers  require  less  ex-  the  Weibull  probability  plot  may  assume  an  "S" 

acting  cabling  machinery  design  and  allows  shape.  This  situation  was  commonly  found  in 

more  flexible  cho.-ce  of  strength  reinforcing  many  fibers.  In  that  case  th.  statistics  of 

material  for  making  up  a cable  to  meet  the  rare  large  flaws  are  extremely  important 

specific  strength  requirements.  to  be  determined  accurately,  otherwise  extra 

polation  for  long  length  strength  may  lead  to 

The  tensile  strength  of  an  optical  gross  inaccuracies.  If  the  flaws  are  caused 

fiber  waveguide  is  governed  by  the  exis-  by  a single  mechanism,  then  a linear  Weibull 

tence  of  a stress  concentration  along  the  plot  results.  In  that  case  the  extrapolation 

fiber,  such  that  fracture  stress  is  reached  accuracy  should  improve  even  if  the  end  values 
at  that  point.  Current  evidences  suggest  are  not  well  defined, 

that  surface  flaws  are  principally  res- 
ponsible for  the  development  of  high  stress  The  above  argument  leads  to  the  following 

concentrations  and  that  failure  of  a uni-  test  procedure.  From  short  gauge  length  tests 

formly  stressed  fiber  in  tension  occurs  the  Weibull  probability  plot  is  constructed 

at  the  deepest  surface  flaw.  Furthermore,  for  a particular  fiber,  using 

in  the  presence  of  moisture  or  other  polar 

vapors,  the  flaws  over  the  fiber  surface  F « 1 - exp  1 (o/o0) m( L/L  ) ( t /t  )rl 

would  enlarge  under  a stress  level  well 

below  that  of  the  fracture  stress.  This  From  the  plot  the  Weibull  parameter  m is 

effect  is  known  as  fatigue  or  stress  corro-  determined.  In  the  case  of  a "S"  shaped 

sion.  The  stress  level,  above  which  crack  plot  the  determination  of  a valid  m is  in 

propagation  takes  place,  is  called  the  question, 

fatigue  limit.  Thus,  if  the  service  stress 

is  higher  than  the  fatigue  limit  it  could  Extrapolation  of  long  length  (L-,)  strength 

lead  to  premature  failure.  from  short  length  test  results  at  a particular 

failure  probability  is  given  by 

The  measurement  of  fiber  strength  is 
complicated  by  the  statistical  variation  (o,/Oj)m(L  /L,)  * 1 

of  fiber  strength  along  the  length  of  a 1 1 

fiber.  If  sufficient  data  can  be  gathered  This  can  be  substantiated  by  using  a 

such  that  the  statistics  of  the  large  but  proof  test  at  a stress  equal  to  the  expected 

rare  flaws  are  characterized  then  extTapo-  stress  where  a given  probability  of  failure 

lation  of  statistical  values  of  fiber  ten-  will  occur.  For  experimental  purposes  the 

sile  strength  of  one  test  gauge  length  to  proof  stress  chosen  may  be  for  a SOt  pro 

that  of  another  gauge  may  be  defined  with  liability  of  failure  so  that  by  testing  a few 

known  confidence  limits.  Otherwise,  extra-  lengths  of  long  samples  the  extrapolation 

polation  is  at  best  fortuitous.  On  the  validity  may  be  verified, 

other  hand,  if  the  nature  of  the  rare  flaws 

are  known,  then  more  suitable  testing  tech-  If  m is  not  well  defined  then  the  choice 

niques  may  be  evolved.  What  is  desired  is  of  proof  stress  becomes  difficult.  In  such 

to  have  test  procedures  which  enable  reliable  cases  proof  tests  must  be  carried  out  at 

long  length  strength  to  be  predicted,  while  different  stress  levels  in  order  to  deter- 

the  procedures  should  be  simple  and  should  mine  the  rare  flaw  distribution, 

not  destroy  more  fiber  than  necessary.  The 

simplest  method  is  to  perform  tensile  test  In  the  proof  test  it  is  necessary  to 

on  short  gauge  length  samples  and  process  take  into  consideration  the  stress  corrosion 

the  results  by  assuming  a Weibull  distribu-  effects.  If  the  proof  stress  is  applied  over 

tion.  The  long  length  strength  can  be  ob-  a considerable  time  the  fiber  strength  will 


tained  by  extrapolation.  However,  this 
method  proves  to  be  inadequate.  This  paper 
discusses  these  inadequacies  and  indicates 
by  way  of  experimental  evidences  how  an 
improved  testing  procedure  could  be  developed. 


decrease.  The  permissible  duration  can  be 
inferred  from  statis  fatigue  failure  data. 
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Sample  Preparation  and  Test 

The  samples  tested  were  prepared  by 
drawing  fibers  of  long  lengths  on  a verti- 
cal tower  using  H2-O2  flames.  The  fibers 
were  subsequently  coated  on-line  with  pro- 
tective claddings  to  reduce  the  possibility 
of  mechanical  abrasion  of  the  fiber  surface. 

The  tensile  strength  on  short  gauge 
length  was  obtained  by  the  following  techni- 
que. A long  sample  was  divided  into  the 
number  of  specimens  to  be  tested  of  speci- 
fic gauge  length.  A specimen  was  then 
mounted  on  the  tensile  testor  (figure  1) 
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DYNAMIC  TENSILE  TEST 


Figure  1 

by  looping  one  end  around  a large  diameter 
spool  (d  » b”)  which  was  attached  to  a 
tensile  gauge  ((,'-  200  lbs).  The  other  end 
was  threaded  around  another  spool  of  the 
same  diameter  which  was  attached  to  a lever 
which  was  used  to  apply  the  load.  The  end 
of  the  fiber  was  then  wrapped  again  around 
the  first  spool  and  attached.  The  load  was 
applied  i n - 1 antaneous lv  or  at  a known  r3te 
an  1 the  fracture  load  values  read  from  the 
tension  gauge. 

The  tes*-  for  long  gauge  length  tensile 
strength  was  as  follows.  The  long  length 
sample  was  held  on  a spool  and  reeled  off 
between  two  large  rollers  as  in  figure  2. 


A tension  guage  was  used  to  measure  the 
stress  developed  between  the  two  rollers  by 
a controlled  slip  clutch  on  the  drive  wheel. 
In  this  manner,  the  entire  length  of  the 
sample  can  be  tested. 

Static  fatigue  tests  were  performed  on 
short  gauge  length  samples  by  applying  a 
fixed  load  to  the  fibers  which  were  mounted 
as  in  the  short  length  tensile  test.  Times 
to  failure  were  recorded. 

Experimental  Evidences 

A typical  Weibull  plot  for  a short 
length  gauge  test  of  a fiber  sample  (A)  made 
without  special  precautions  is  as  shown  in 
figure  3.  This  also  shows  an  experimental 
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polated  to  short  gauge  length.  This  clearly 
illustrates  that,  should  the  extrapolation 
be  reversed,  the  predicted  long  length 
strength  will  be  too  optimistic. 

A typical  Weibull  plot  for  a short 
length  gauge  test  of  a fiber  sample  made 
with  special  precautions  is  as  shown  in 
figure  4.  it  can  he  seen  that  the  m value 
is  greatly  improved  and  that  the  Weibull 
plot  is  linear.  Proof  test  at  200  kpsi 
showed  no  failure. 

Static  fatigue  tests  showed  the  time- 
to  failure  for  the  same  fiber  (illustrated 
in  figure  5)  at  different  stresses.  The  m 
value  was  calculated  from  figure  S and  was 
found  to  be  26.  If  the  fiber  is  subjected 
to  a proof  test  load  of  about  1.9  times 
the  ser  ice  load  for  a duration  of  10  sec- 
onds, the  expected  service  life  can  be 
calculated. 

T2  = 10  sec  (iji)26  * 2046  days 
At  the  proof  test  stress  the  fiber  therefore 
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strength  is  to  conduct  short  length  test 
coupled  with  proof  test  at  the  required 
service  strength.  Foi  fibers  made  for  high 
strength  this  procedure  allows  high  produc- 
tion yield  as  well  as  a guaranteed  strength 
specification.  For  fibers  made  without 
special  precautions  this  procedure  could 
still  be  adopted  but  the  fiber  veild  may  be 
unacceptably  low. 


should  suffer  negligible  degradation  and  can 
be  employed  safely. 

Concluding  Remarks 

The  extrapolation  of  fiber  strength  for 
a long  length  fiber  from  short  length 
strength  tests  is  reliable  only  if  the  flaw 
distribution  is  well  characterized  as  in  the 
case  of  a fiber  made  with  special  precautions 
For  a fiber  with  random  flaws  caused  by 
several  mechanisms,  the  extrapolation  is  un- 
likely to  be  reliable. 

The  test  procedure  which  could  be  used 
to  characterize  fibers  with  specified 
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INTRODUCTION 


For  the  past  four  years,  the  US  Army 
Electronics  Command  (ECOM)  has  been  engaged  in 
the  development  of  ruggedized  fiber  optic 
cables  for  use  in  tactical  communications 
systems.  The  cables  utilize  low  loss  multi- 
mode  optical  waveguides  with  attenuation  under 
20  dB/km  at  discrete  wavelengths  in  the  near 
infrared  region.  This  new  low-loss  medium 
makes  possible  the  transmission  of  digital 
data  at  rates  up  to  20  megabits  per  second  for 
distances  up  to  8 kilometers  without  the  use 
of  repeaters.  By  way  of  comparison,  the  stan- 
dard CX-11230  dual  coaxial  cable  would  require 
repeaters  every  h-mile  at  these  data  rates. 

In  addition  to  the  obvious  benefits  to  be 
derived  from  these  superior  transmission  prop- 
erties, the  fibers  offer  immunity  from  EMP, 
EMI,  and  crosstalk,  are  difficult  to  tap,  and 
offer  the  potential  of  cable  cons t rue t ions 
which  are  many  times  smaller  in  size  and  ligh- 
ter in  weight  than  conventional  metallic  con- 
ductor cables.  Such  size  and  weight  reduc- 
tions are  of  crucial  importance  in  the  highly 
mobile  Army  tactical  systems.  For  example,  1 a 
64  km  time  division  multiplex  (TDM)  system 
that  uses  CX-11230  weighs  8636  kg  and  re- 
quires four  2h  ton  trucks  for  transport.  The 
same  64  km  system  using  fiber  cable  would 
weigh  approximately  1815  kg  and  require  only 
two  l'-s  ton  trucks  for  transport.  In  local 
distribution  systems  which  use  cable  assembly 
CX-4S66,  each  72.8m  reel  of  cable  weighs  34 
kg,  while  the  fiber  cable  replacement  will 
weigh  less  than  2 kg,  including  the  reel. 

This  reduction  in  weight,  for  example,  could 
mean  replacing  one  2 ton  truck  of  CX-4566 
with  a \ ton  trailer.  Replacement  of  the  two 
standard  cables,  CX-11230  and  CX-4566  with 
fiber  optic  cables  represents  the  short  time 
goal  of  ECOM's  development  activities  in  this 
area.  Present  plans  call  for  initial  systems 
operational  tests  in  the  early  1980's.  The 
subject  of  this  paper  deals  with  the  develop- 
ment of  the  fiber  optic  cable  which  is  intend- 
ed to  replace  the  CX-4566  (26  pair)  cable.  A 
contract  for  this  development  was  awarded  to 
ITT  Elect ro -Opt ical  Products  Division  in  May 
1975.  The  work  on  the  replacement  for 
CX-11230  has  been  reported  el sewhere . 2 , 3 

The  CX-4566  is  currently  used  in  local 
distribution  telephone  and  data  systems  with- 
in Army  command  posts.  The  anticipated 
cable  runs  range  from  100  meters  to  one  kilo- 
meter. Consequently,  the  attenuation  of  the 
fiber  optic  cable  replacement  for  the  local 
distribution  systems  need  not  be  as  low  as 
that  for  the  long  haul  TDM  system.  This 
less  severe  attenuation  requirement  suggested 
the  possible  exploitation  of  a plastic  clad/ 
fused  silica  fiber  which  is  potentially  lower 
in  cost  than  the  doped  silica  fiber  used  in 


the  long  haul  TDM  cable.  Although  the  attenua- 
tion of  the  plastic  clad/fused  silica  fiber 
cannot  be  consistently  made  as  low  as  the 
doped  silica,  it  seemed,  it  seemed  reasonable 
to  expect  that  50  dB/km  could  be  achieved. 

This  was  the  maximum  acceptable  system  limit. 
However,  a program  goal  of  20  dB/km  was 
established  to  provide  additional  system 
margin.  The  overall  program  goals  are  given 
in  Table  1. 

PROGRAM  GOALS 

To  achieve  the  desired  cable  performance 
a number  of  optical,  mechanical,  and  environ- 
mental goals  were  imposed  on  the  design. 

These  design  parameters  are  delineated  in 
Table  1. 

CABLE  DESIGN 

The  attenuation  indicated  in  Table  1 re- 
presents a necessary  requirement  "after 
cabling."  The  value  of  attenuation  in  the 
end  item  will  be  higher  than  the  attenuation 
of  the  optical  fibers  before  cabling.  The 
resultant  difference  between  these  two  atten- 
uations is  referred  to  as  "excess  cabling 
losses . " 

There  are  numerous  explanations  for 
excess  cabling  losses,  however,  the  primary 
reasons  are:  (a)  microbending  losses,  (b) 

flexural  stress  of  the  fiber,  and  (c)  losses 
resulting  from  designed  in  bends. 

Losses  resulting  from  microbending  are 
produced  by  a small,  sharp  bend  in  the  opti- 
cal core  of  the  fiber.  Sensitivity  of  the 
fiber  to  microbending  losses  may  be  reduced 
by:  (a)  increasing  the  numerical  aperture, 

(b)  reducing  the  fiber  core  diameter,  or  (c) 
increasing  overall  fiber  diameter. 

The  factors  affecting  the  flexural 
stress  and  bend  radius  are:  (a)  modulus  of 

elasticity,  (b)  diameter  of  the  fiber,  (c) 
diameter  of  the  cable  center  core,  (d)  wall 
thickness  of  the  fiber  coating,  and  (e) 
length  of  the  lay.  For  this  design  problem 
factors  a,  b,  and  d were  considered  constants. 
The  remaining  factors,  i.e.,  center  core 
diameter  and  length  of  the  lay,  represent  the 
tools  to  control  flexural  stress  and  bend 
radius . 

Tensile  Strength 

The  elongation  of  optical  fibers  is  very 
low  when  compared  to  the  elongation  of  copper 
wire.  The  optical  fiber  cables  were  designed 
in  such  a manner  so  that  the  optical  fibers 
will  not  stretch  more  than  II  when  the  cable 
is  subjected  to  a maximum  load.  It  was 
possible  to  achieve  the  required  tensile 
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strength  by  utilizing  strength  members. 

When  considering  strength  member 
materials  and  conf igurat ions , it  was  first 
determined  that  a very  high  Young's  modulus 
material  was  necessary.  Since  no  metallic 
or  conductive  elements  were  allowed,  steel 
wire  and  carbon  fiber  were  eliminated.  Con- 
sequently, the  choice  was  Kevlar  49,  a pro- 
duct of  E.  1.  Dul’ont  deNcumours  6 Company. 

Two  configuration  approaches  were  ex- 
plored, namely,  a central  strength  member  and 
an  external  strength  member.  The  internal 
strength  member  is  of  cont rahe 1 ical ly  laid 
construction  and  is  composed  of  1-6-12  yarns 
of  Kevlar  49.  Since  Kevlar  49  has  a tendency 
kink,  an  outer  braid  of  Kevlar  29  is  added 
(see  Figure  l).  This  construction  makes  up 
the  central  core  of  the  cable  around  which 
the  optical  fibers  are  laid. 

The  external  strength  member  cable  con- 
sists of  18  yarns  of  Kevlar  49.  This  strength 
member  is  helically  laid  around  the  jacketed 
optical  fiber  core  in  the  manner  depicted  in 
F igure  2 . 

Impact  Resistance 

The  mechanical  requirement  for  an  im- 
pact resistance  test,  in  accordance  with  MIL- 
C-13777,  subjects  the  cable  to  very  severe 
stress  conditions.  The  apparatus  utilized 
in  this  test  is  shown  in  Figure  j.  to  com- 
ply with  the  requirements  of  this  test,  two 
basic  approaches  were  followed: 

A.  Fibers  laid  against  a hard  surface. 
The  central  strength  member  provides  the  hard 
supporting  surface  where  the  fibers  will  lay. 
It  can  be  shown  experimentally,  that  when  an 
optical  fiber  is  laid  against  a soft  surface, 
like  an  eraser,  and  pressure  is  applied  with 
a finger  nail,  the  optical  fiber  will 
break.  However,  if  the  optical  fiber  is  laid 
against  a hard  surface  and  the  same  pressure 
is  applied,  the  fiber  will  survive.  Because 


of  this  phenomenon,  it  was  felt  that  the  cable 
would  have  high  impact  resistance. 

B.  Heavy  Plastic  Jacketed  Cable  Core. 

Two  plastic  jackets  and  a layer  of  KevTar~49 
were  utilized  to  reduce  the  effects  of  the 
impact.  To  provide  additional  protection, 
the  optical  fibers  were  cabled  in  a seven 
fiber  bundle. 

Cable  Components 

To  achieve  the  desired  cable  performance, 
it  was  necessary  to  assure  that  all  cable 
components  were  compatible  with  the  design 
parameters  of  Table  1.  The  crucial  cable 
components  evaluated  were:  (a)  optical 

fibers,  (bj  strength  members,  (c)  fillers, 
(d)  tapes,  and  (e)  jackets. 

A.  Optical  Fibers.  Fiber  optic  wave- 
guides consist  of  a pure  silica  core  and  a 
polymeric  cladding  with  a lower  refractive 
index  than  the  silica  core.  The  best  commer- 
cial silica  core  available  was  utilized  in 
this  design.  Since  attenuation  loss  in  a 
cable  is  much  more  affected  by  the  type  of 
polymeric  cladding  used  than  by  the  silica 
core,  the  evaluation  of  several  cladding 
materials  deserved  special  attention. 

The  most  important  cladding  materials 
in  this  particular  design  were:  (a)  Teflon 

FF.P,  (b)  Teflon  PFA,  and  (c)  clear  silicons. 

It  was  noted  that  Teflon  PFA  was  superior 
to  Teflon  FEP , product  of  E.  I.  DuPont 
deNemours  6 Company,  since  it  was  practically 
free  of  gel  particles,  but  that  optical 
losses  were  heavily  dependent  on  the  wall 
thickness  of  the  coatings.  Figure  4 shows 
the  spectral  loss  curve  of  PFA  cladded  silica 
and  silicone  coated  silica. 

Experiments  on  cladding  thickness  re- 
vealed that  the  optical  quality  of  PFA 
cladding  varied  inversely  with  cladding 
thickness,  requiring  a draw  down  ratio  from 
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Figure  1.  Central  Strength  Member  Design  (ECOM-1) 


HELICALLY  LAID  KEVLAR  49  STRENGTH  MEMBER 
YARNS  (LAY  LENGTH  2”) 

OPTICAL  FIBER  BUNDLE  (LAY  LENGTH  2") 


POLYURETHANE  INNER  JACKET 
TFE  TAPE 

POLYURETHANE  OUTER  JACKET 


Figure  2.  External  Strength  Member  Design  (ECOM-3) 


Figure  3.  Impact  Test  Fixture 
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Figure  4.  Optical  Attenuation  of  I’FA  vs  Silicone  Cladded  Fiber 

900  to  2000:1.  This  extremely  high  draw  down  have  a higher  refractive  index  than  either 

ratio  led  to  pin  holes  in  the  extrudate  which  Teflon  PFA  or  ieflon  FEP , but  that  their 

were  found  to  be  detrimental  to  the  mechani  performance  is  far  more  consistent.  However 

cal  properties  of  the  cladded  fiber.  In  since  silicone  coating  is  soft,  it  is  nec- 

addition,  an  increase  in  attenuation  was  essary  to  protect  it.  To  resolve  this  pro- 

noted  when  the  fiber  was  immersed  in  boiling  blem,  a jacket  of  Teflon  PFA  was  provided 

water  for  several  hours.  This  condition  over  the  silicone  coating.  Teflon  PFA  was 

also  led  to  cone  breaks  when  not  all  of  the  chosen  for  this  particular  application  be- 

extrusion  conditions  were  optimized.  cause  of  its  capability  to  operate  over  the 

required  temperature  range. 

It  was  determined  that  RTV  silicones 


A11  fibers  used  in  this  program  were 
proof  tested  at  50,000  psi  to  reduce  the 
possibility  ot  an>'  weak  spots  in  the  optical 
fiber. 

B.  Strength  Members.  Since  the  design 

parameters  .pec  i f icd  that  no  metallic  cable 
component  would  be  allowed,  graphite  and 
carbon  fibers  were  immediately  ruled  out 
because  of  their  conductivity.  This  re- 
stricted the  choice  to:  (a)  highly  oriented 

polymeric  monofilament  fibers,  (bl  glass 
fibers,  and  aramid  fibers. 

Kevlar  49,  an  aramid  fiber,  was  selected 
because  it  has  the  highest  Young's  modulus 
of  the  commercially  available  non  - metal  1 ic , 
non-conduct i ve  reinforcing  materials. 

Two  types  of  Kevlar  49  strength  members 
were  used:  (a]  single  yarn,  1420  deniers 

and  (b)  multiyarn,  stranded  and  braided 
const  ruct ion . 

C.  Fi 1 lers . Two  polyester  yarns  were 
placed  between  each  pair  of  optical  fibers, 
a polyester  filler  was  selected  because  it 
is  fungus  resistant  and  covers  the  entire 
operating  temperature  range. 

1).  Tapes  ■ The  original  tape  selected 
was  of  the  uncured  TFE  type.  This  tape  was 
chosen  because  of  its  ability  tc  yield  when 
stretched.  This  inherent  ability  relieves 
localized  stresses  on  the  optical  fibers. 

One  cable  (EC0M-1A),  however,  was  de- 
signed utilizing  a corrugated  Mylar  tape. 

This  alternative  later  proved  to  have  a much 
higher  attenuation  than  the  TFE  tape  when 
subjected  to  temperature  cycling. 

E.  Jackets . A polyether  grade  of 
polyurethane  jacket  was  selected  because  of 
its  elastomeric  properties,  hydrolitic 
stability,  operating  temperature  range,  and 
fungus  and  radiation  resistance. 

Cable  Evaluation 

Six  cables,  of  the  composition  indicated 
in  Table  2,  were  produced. 

The  cables  listed  in  Table  2 were  sub- 
jected to  the  mechanical,  environmental, 
optical,  and  nuclear  survivability  tests  in- 
dicated in  the  following  paragraphs. 

Mechanical  Evaluation 

As  a part  of  the  mechanical  evaluation, 
the  cables  were  subjected  to  tests  for  ten- 
sile strength,  bend,  twist,  and  impact  re- 
sistance . 

A.  Tensile  Strength  Test.  Three  samples 
of  each  type  of  cable  were  tested  for  fiber 
breakage  utilizing  a 400  pound  load  over  a 
24  inches  gauge  length.  The  total  time  to 
reach  the  required  tensile  strength  required 
26  to  30  seconds.  The  load  was  maintained 
for  one  minute,  then  released  in  19  to  28 
seconds.  The  results  of  the  tensile  strength 
test  appear  in  Table  3. 

From  the  data  presented  in  Table  3,  it 


was  concluded  that  all  three  cable  designs 
were  capable  of  sustaining  the  specified 
loading. 

T. . Bend  Test.  Three  samples  of  each 
type  were  tested  in  accordance  with  the  re- 
quirements of  Ml L-C- 1 3777F . The  test  re- 
sults for  the  bend  test  are  delineated  in 
Table  4. 

As  indicated  in  Table  4,  all  three  cable 
designs  meet  the  requirements  of  the  bend 
test  defined  in  MII.-C-l  3777F. 

C.  Twist  Test.  As  in  the  previous  tests, 
three  samples  of  each  cable  type  were  sub- 
jected to  the  twist  test  of  M 1 L-C- 1 3777F. 

As  nav  be  observed  in  Table  S,  all  samples 
survived  more  than  2000  cycles  without  fiber 
breakage . 

D.  Impact  Resistance.  The  impact  re- 
si  s tance—FeTF_vTa^—pFrTormed  in  accordance 
with  the  requirement  defined  in  MI L- C- 1 37 77F , 
except  that  the  impact  loading  was  varied 
from  1 ft.  lb.  to  5 ft. -lb.  The  test  re- 
sults for  this  test  are  shown  in  Table  6. 

This  test  shows  the  superior  impact  re- 
sistance of  ECOM-1  and  EC0M-1A  over  ECOM-3. 

Environmental  Evaluation 

The  environmental  evaluation  consisted 
of  a heat  cycling  test,  a moisture  resis- 
tance test,  and  fungus  testing. 

A.  Temperature  Cycling  Test.  One  sample 
of  each  type  of  cable  was  subjected  to  tem- 
perature cycling  from  -SS°C  to  + 85°C  in 
accordance  with  Method  102A,  test  condition 

D of  MIL-STD-202D. 

The  average  attenuation  of  the  samples 
was  measured  at  7900  angstroms  (injection 
NA  of  0.124)  before  and  after  the  temperature 
cycling.  Table  7 summarizes  the  results  of 
the  test. 

B.  Moisture  Resistance.  Moisture  re - 
sistance  testing  was  performed  on  all  three 
cable  types.  The  results  shown  in  Table  8 
indicate  a 4 to  5 dB/km  increase  in  attenua- 
tion (at  7900  8}  after  moisture  cycling. 

C.  Fungus  Testing.  All  three  cable 
types  were  fungus  tested  in  accordance  with 
Procedure  1,  Method  508  of  MI L- STD- 810B. 

Two  of  the  samples  (ECOM-1A  and  ECOM-3) 
showed  no  growth  while  the  third  showed  sig- 
nificant growth.  Efforts  are  presently  being 
directed  toward  isolating  the  cause  of  this 
growth . 

Optical  Evaluation 

The  optical  evaluation  encompassed  both 
attenuation  and  cable  irradiation  measure- 
ment . 

A.  Attenuation . The  attenuation  of  the 
optical  fibers  was  measured  at  8200  angstroms. 
The  average  attenuation  of  the  six  cables 
tested  is  shown  in  Table  9. 

The  values  indicated  in  Table  9 show 
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that  the  cables  not  only  met  the  50  dB/km 
requirement,  hut  also  met  the  20  dB/km  goal. 
It  should  be  noted  that  all  the  cables  with 
lengths  h km  and  1/3  km  displayed  an  average 
attenuation  lower  than  12  dB/km  at  8200 
angstroms.  Table  10  shows  the  individual 
fiber  attenuation  of  these  four  cables. 


B.  Cable  Irradiation.  A short  section 
of  the  l.COM - 1 and  TiCOM-3  cable  designs  were 
exposed  to  a dose  of  1.27  x 10^  rads  of  gama 
♦ 4.4  x 10*°  neutrons/cm-  and  were  visually 
inspected.  So  signs  of  degradation  were 
obse  rved . 

Nuclear  Survivability  Test 

Two  fiber  samples  were  tested  under 
conditions  simulating  tactical  field  condi- 
tions. Ore  sample  was  exposed  to  a dose  of 
10-’  rads  while  the  other  sample  was  irradia- 
ted to  a level  of  10s  rads.  The  radiation 
induced  optical  losses  were  tested  both  at 
10  seconds  and  24  hours  after  irradiation. 

The  fibers  were  coiled  around  a 2 inch 
barrel  spool  with  one  flange  cut  off  to 
expose  tlie  fiber  to  radiation. 

The  results  of  the  two  measurements 
follow: 

A.  Radiation  Induced  Optical  Losses 
After  10  Seconds  (N'eutrons  and  Gamma  Mixed 
Flux  I rradlat ion).  The  non-radiated  fiber 
optical  loss  Fi  6.9  dB/km  at  0.79  urn.  After 
the  sample  received  a dose  of  5 x lO4  rads, 
the  induced  loss  after  10  seconds  was  110 
dB/km.  Successive  application  of  this  irra- 
diation resulted  in  progressively  smaller 
attenuation  increases. 

B . Radiation  Induced  Optical  Losses 
After  24  Hours  (Gamma  I rradi  at  i onJ)  K ~ 
total  of  1 1 fibers  were  irradiated  to  doses 
ranging  from  74  rads  to  2.7  x 10^  rads.  It 
was  observed  that  a total  recovery  of  the 
optical  properties  of  the  fiber  occurred 
within  24  hours  even  though  doses  as  high 
as  2.7  x 10^  rads  were  applied. 

SUMMARY 

This  program  represents  an  important 
advance  in  the  Army's  goal  for  replacement 
of  metallic  conductor  cables  with  fiber  op- 
tic cables.  The  results  of  the  test  program 
were  sufficiently  encouraging  to  warrant 
further  consideration  of  the  use  of  plastic 
clad/fused  silica  fibers  in  tactical  field 
cable  application.  Indeed,  the  low  attenua- 
tion values  achieved  were  even  better  than 
the  most  optimistic  goals  established  at 
the  start  of  the  program.  This  provides 
the  added  bonus  of  greater  transmission  dis- 
tance in  applications  where  pulse  dispersion 
is  not  the  primary  consider ation.  Conse- 
quently, a significant  system  cost  saving 
can  be  realized  due  to  the  lower  cost  of 
these  fibers  compared  to  the  doped  silica 
fibers. 

The  external  strength  member  design 
(ECOM  3)  appears  to  exhibit  somewhat  lower 
excess  cabling  losses  than  the  central 


strength  member  design  (ECOM-1)  although  both 
designs  are  well  within  the  program  goals  in 
this  respect.  However,  the  ECOM-1  design  is 
substantially  superior  to  ECOM-3  in  impact 
resistance.  Since  the  performance  of  both 
designs  was  substantially  similar  in  all 
other  respects,  it  would  appear,  from  the 
work  to  this  point,  that  ECOM-1  is  the  more 
favored  of  the  two.  Improvement  in  the  im- 
pact resistance  is  possible,  but  at  the  ex- 
pense of  weight,  flexibility,  and  cost.  Fur- 
ther studies  may  be  conducted  to  arrive  at 
the  optimum  combination  of  these  factors. 

Determinations  should  still  be  made  of 
the  ultimate  tensile  strength  of  both  de- 
signs, the  effects  of  long  time  static  load 
on  attenuation,  and  the  effects  of  long  time 
high  and  low  temperature  storage. 
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Table  1.  Program  Goals 
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Table  3.  Tensile  Strength  Test 


entral  fiber  broke  in  the  clamp  in  all  three 
believed  that  this  situation  occurred  when 
t i ghtened. 


In  ECOM-3 
samples . 
the  clamp 


Table  4.  Bend  Test 


OTaT 


TYPE 


CYCLES  TESTED 


FIBERS 


ECOM-  1 


ECOM-1 


ECOM- 1 


ECOM-1 A 


ECOM-  1A 


ECOM-3 


ECOM-1 

2' 

ECOM- 1 

2 

EOCM- 1 

2 

ECOM- 1A 

2 

ECOM - 1A 

ECOM- 1A 

2 

ECOM-3 

2 

ECOM-  3 

2 

ECOM-3 

2' 

■ fill  — 

LOAD 

BROKEN  FIBERS  IN  GAUGE  LENGTH 

TYPE 

LENGTH 

ECOM-1 

400  lb 

24  in 

1 broke  at  350  lb  load 

ECOM-1 

400  lb 

24  in 

0 

ECOM - 1 

400  lb 

24  in 

0 

ECOM- 1A 

400  lb 

24  in 

0 

ECOM- 1A 

400  lb 

24  in 

0 

ECOM-3 

400  lb 

24  in 

0* 

ECOM-3 

400  lb 

24  in 

0* 

ECOM-3 

400  lb 

24  in 

0* 

Table  6.  Impact  Test 


TYPE 


ECOM-3  1140m 
ECOM-1  1050m 
ECOM-3  520m 
EC0M-1A  506m 
ECOM-3  336m 
ECOM-1  324m 
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Table  10.  Fiber  Attenuation  at  8200  R in  Final  Models 


CABLE 

TYPE 

ECOM  - 1 

ECOM- 1A 

ECOM- 3 

ECOM- 3 

CABLE 

LENGTH 

324m 

509m 

336m 

520m 

FIBER  » 

ATTENUATION (dB/km) 

1 

12.38 

12.73 

10.47 

9.65 

2 

11.68 

11.14 

10.67 

10.24 

3 

11.50 

11.63 

10.68 

10.49 

4 

7.  72 

11.59 

10.  82 

10.  59 

5 

11.37 

12.72 

10.39 

11.90 

6 

11.46 

11.48 

12.32 

12.17 

7 

12.42 

13.83 
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OPTICAL  FIBER  CABLE  FOR  T1  CARRIER  SYSTEM 


J.  A.  Olszewski,  A.  Sarkar,  Y.  Y.  Huang 
General  Cable  Corporation 
Union,  New  Jersey 


Introduction 

Recent  rapid  successes  in  development  of  low  loss  glass 
fibers  and  electro-optical  components  have  changed  the 
outlook  of  communications  technology,  includi-g 
telephony.  In  the  past  ten  years,  attenuate  :>f  glass 
fibers  was  decreased  from  greater  than  1000  dh/km  to 
less  than  4 dB/km  » » at  800  - 900  nm  wavelength 
range  and  less  than  2 dB/km  at  1060  nm  wavelength. 
Cables  of  various  constructions  (4,5,6)  were  produced 
using  different  approaches  to  protect  the  glass  fibers. 
The  attenuation  of  these  constructions  measured  6-20 
dB/km  and  was  considerably  higher  than  attenuation  of 
fibers  prior  to  cabling.  In  the  near  future  it  is  ex- 
pected that  the  cabling  loss  and  other  fiber  packag- 
ing losses  will  be  virtually  eliminated. 

Although  basic  principles  of  cabling  glass  fibers  were 
outlined  (7,8)  little  emphasis  was  given  to  comparative 
evaluation  of  the  characteristics  of  the  cable  con- 
structions. What  remains  to  be  done  at  present  is  a 
practical  verification  of  the  performance  of  glass 
fiber  cables  and  optical  cormnunication  links  under 
actual  field  conditions.  In  such  field  trials  there 
is  little  difference  whether  the  operating  frequency 
is  low  or  high.  The  study  of  installation  and  the 
effects  of  field  environment  should  be  done  on  rela- 
tively long  installed  links  with  a reliable  commercial 
system  as  the  final  goal.  For  this  purpose.  General 
Telephone  6«  Electronics,  together  with  General  Cable 
Corporation,  selected  the  T1  PCM  telephone  carrier 
system  which  is  st  present  a backbone  of  interoffice 
trunks.  The  test  site  was  selected  and  General  Cable 
undertook  the  development,  production  and  joint  in- 
stallation of  cable  which  will  connect  two  telephone 
exchanges  10  kilometers  apart.  The  system  will  carry 
commercial  traffic  and  is  scheduled  to  be  operational 
in  early  part  of  1977. 

This  paper  discusses  optical  cable  design  criteria 
that  governed  our  Laboratory  development  programs, 
as  well  as  the  results  that  were  achieved.  The  work 
spanned  the  glass  fiber  development,  fiber  protection 
and  cable  prototypes  construction.  The  main  goal  was 
low  optical  loss  cable  that  could  be  installed  by  con- 
ventional methods  and  equipment. 

Optical  Glass  Fibers 

Bandwidth  of  step-index  fibers  of  practical  repeater 
spans  is  considerably  wider  than  that  of  Tl  system 
operated  at  pulse  repetition  rate  of  1.544  megabits/ 
second.  The  fiber  development  program  was,  therefore, 
concentrated  on  obtaining  lowest,  practically  realiz- 
able attenuation. 

Step-index  fibers  were  produced  in  1 km  lengths.  The 
physical  and  the  optical  characteristics  of  a batch 
of  20  coated  fibers,  produced  under  identical  con- 
ditions, are  shown  in  the  table  below: 


Average 


Fiber  diameter,  ura  125 

Fiber  core  diameter,  urn  50 

Attenuation  at  825  nm,  dB/km*  3.5 

Pulse  dispersion,  ns/km**  8 

Numerical  aperture  0.16 


* At  0.1  launch  N.A. 

**  At  half  power  level 


Figure  1:  Cross-Section  of  a Typical  Fiber 


A typical  fiber  cross-section  is  shown  in  Figure  1 
and  the  spectral  attenuation  data  is  plotted  in 
Figure  2. 

The  shaded  area  shows  the  variation  of  attenuation 
from  fiber  to  fiber  within  the  batch.  Since  the 
light  source  selected  for  the  system  was  an  LED 
operating  at  825  nm  wavelength,  the  fiber  attenu- 
ation at  this  wavelength  was  of  primary  concern. 

The  average  attenuation  was  found  to  be  3.5  dB/km. 
The  lowest  attenuation  measured  was  1.1  dB/km  at 
1060  nm  wavelength.  Attenuation  of  the  same  fiber 
measured  at  1060  nm  wavelength,  but  with  an  over- 
loaded launch  numerical  aperture  of  0.3,  was 
1.3  dB/km. 

The  apparatus  for  the  spectral  attenuation  measure- 
ments utilized  a tungsten  lamp  and  a double 
monochromator  with  a lock-in  feature  to  avoid  errors 
due  to  external  interferences. 


Molf  Power  PulSO  Width 


Figure  2:  Spectrual  Attenuatida  *of  Glass 

Fibers  with  Kynar  Coating 


The  pulse  broadening  of  a typical  fiber  as  a function 
of  length  is  shown  in  Figure  3.  Average  pulse 
broadening  of  8 ns/km,  was  obtained. 


Figure  3:  Pulse  Broadening  of  a Typical  Fiber 

The  pulse  dispersion  was  measured  with  a specially 
designed  and  constructed  set-up.  The  fiber  was 
excited  by  a galium  arsenide  laser  diode  emitting 
at  905  nm  which  was  driven  in  a self -pul sing  mode 


by  discharging  a short  section  of  coaxial  line  through 
a reed  relay.  The  pulse  obtained  was  400  ps  wide 
with  100  ps  risetime  and  the  repetition  rate  was 
500  Hr.  The  emergent  pulses  were  detected  with  a 
receiver  consisting  of  an  avalanche  photodetector 
followed  by  wideband  amplifier  and  a sampling 
oscilloscope. 

The  numerical  aperture  of  the  fibers  was  determined 
using  a He-Ne  laser  with  Gaussian  optical  power 
distribution  and  was  calculated  from  1/e2  power 
points  of  output  radiation  patterns  of  1 km  long 
fibers . 

Since  the  strength  of  glass  fibers  is  limited  by 
flaw  size  and  deteriorates  rapidly  with  exposure 
to  moisture,  (9)  a Kynar  coating  of  5-10  urn  was 
applied  on  the  fibers.  All  fibers  were  also 
buffered,  either  by  extrusion  or  by  dip  coating  to 
a maximum  overall  diameter  of  0.25  - 0.38  mm.  Both 
buffering  methods  yielded  fiber  with  minimal  in- 
crease in  attenuation.  Special  formulation  materi- 
als were  employed  to  minimize  shrinkage,  improve 
surface  properties  and  control  adherence  of  plastic 
to  glass.  The  principal  goals  were  minimal  increase 
in  attenuation,  low  temperature  coefficient  of 
attenuation  and  mechanical  strippability. 

Although  tensile  strength  measurements  on  short  gauge 
lengths  of  fibers  indicated  an  average  elongation  of 
about  1%,  a safe  limit  of  elongation  of  long  lengths 
of  fibers  was  found  to  be  about  0.2%.  This  perfor- 
mance characteristic  imposes  special  demands  on  cable 
design  from  the  point  of  view  of  installation. 


Cable  Design  Criteria 

The  design  of  optical  cable  is  governed  by  two  major 
considerations,  i.e. 

a.  Mechanical  requirements  determined 
by  necessary  handling  during  in- 
stallation and  all  the  hazards  that 
the  cable  is  exposed  to  during  its 
service  life. 

b.  Low  optical  attenuation  and  its 
temperature  coefficient  require- 
ments. 

From  the  mechanical  point  of  view,  the  axial 
strength  of  the  cable  is  of  paramount  importance. 
This  characteristic  controls  the  length  of  cable 
that  can  be  safely  installed.  Conventional 
mechanical  designs  are  inadequate  because  the 
optical  fiber  cables  cannot  be  permitted  to 
elongate  more  than  about  0.2%.  Similarly,  fibers 
are  sensitive  to  impact  and  consequently  high 
cable  impact  and  compression  resistance  is  also 
required.  Failure  of  glass  also  occures  under 
tensile  stress  due  to  torsion  and  bending.  The 
stresses,  therefore,  have  to  be  limited  to  a safe 
level.  Appropriate  safety  factor  ^7'has  to  be 
taken  into  account  for  fiber  life  if  residual 
stresses  on  fiber  in  cable  are  significant. 

Other  mechanical  design  criteria  remain  the  same 
as  for  conventional  cables. 

As  far  as  control  of  optical  attenuation  is  con- 
cerned, the  problem  is  somewhat  more  complex.  The 
two  mechanisms  that  increase  attenuation  due  to 
packaging  are  bending  loss^1(  ’ and  microbending 
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can  develop. 


loss.  ’ Since  the  attenuation  of  a glass  fiber 
is  an  exponentially  decreasing  function  of  bending 
radius,  the  decision  has  to  be  made  on  a penalty  that 
can  be  tolerated  for  bending  and  limiting  the  bending 
radius  accordingly.  In  reality,  the  bending  loss  of 
fibers  in  cables  of  adequate  flexibility  can  be  made 
small  compared  to  inherent  attenuation  of  the  fiber 
itself. 

Microbending  loss  results  primarily  due  to  the  fact 
that  the  glass  fibers  are  very  small  and  their  axes 
can  easily  be  distorted  sharply  by  assymetric  forces 
of  very  small  magnitude.  Due  to  imperfections  of 
almost  all  surfaces  of  cable  components  and  necessary 
forces  required  for  cable  making,  microbending  losses 
cannot  be  totally  eliminated. 

Thus,  glass  fibers  in  cable  form  can  stay  with  minimal 
increase  in  attenuation  in  one  of  the  two  following 
configurations : 

i.  Placed  loosely  with  no  tension  or 
lateral  pressure  in  an  oversized 
"channel"  of  very  soft  material 
such  that  the  fiber  can  move  when 
the  cable  is  bent. 

ii.  Embedded  in  a material  that  forms 
around  the  glass  fibers  without 
distorting  their  axes,  forming  a 
composite  that  is  not  as  prone  to 
distortion  as  the  fibers  are  by 
themselves . 

The  temperature  coefficient  of  attenuation  of  fibers 
in  the  cable  is  the  last  major  concern.  This  is  a 
function  of  all  materials  in  intimate  contact  with 
the  fibers;  more  specifically  their  differences  in 
thermal  expansion  coefficients  and  the  strength 
differential  of  the  fiber  and  its  coatings  in  a state 
of  stress. 

Design  of  Cable  for  Field  Trial 

Several  cable  prototypes  were  constructed  and  the 
design  of  two  types*is  discussed  below  in  detail. 

High  axial  strength  at  low  elongation  requirement 
can  be  met  with  a variety  of  materials  and  con- 
structions, but  metal  reinforcement  was  selected 
foT  reason  of: 

i.  Impact  and  compression  resistance. 

ii.  Shielding  and  lightning  protection 
of  cable  core  incorporating  power 
feed,  order  and  fault  locating 
metallic  pair  circuits. 

iii.  Cable  pressurization  requirements. 

The  approach  relied  basically  on  building  in 
sufficient  metal  of  desirable  temper  and  configur- 
ation which  would  guarantee  about  200  kilogram 
tensile  at  0.27.  maximum  cable  elongation.  This 
figure  was  determined  from  on  site  cable  pulling 
experiments  which  were  made  on  1 km  long  poly- 
ethylene Jacketed  cable  using  lubrication  and 
relatively  low  pulling  speeds  on  practically 
straight  runs.  As  a matter  of  interest,  the  type 
of  pulling  line  was  also  found  to  have  significant 
Influence  on  the  magnitude  of  pulling  tension  that 

* These  optical  cable  designs  are  subject  of  patent 
application. 


The  overall  cable  sheath  consisted  of  a welded  metal 
tube,  polyethylene  jacket,  corrugated  steel  longitudi- 
nally folded  with  overlap  and  flooded  with  asphaltic 
compound  and  polyethylene  jacket  overall  (Cable 
sections  entering  the  telephone  exchanges  required 
flame  retardant  external  Jacket).  This  sheath  was 
measured  to  have  a tensile  strength  of  270  kg  at 
0.27,  elongation  and  440  kg  at  break.  At  1300  kg  a 
compressive  force  acting  on  a length  of  1 m produced 
a 107.  diameter  deformation. 

In  developing  the  cable  core  construction,  encapsu- 
lation of  glass  fibers  into  relatively  rigid  and 
mechanically  stable  assemblies  was  selected.  The 
selection  was  based  on  previous  cable  manufacturing 
experience  with  loose  fiber  approach,  where  amongst 
other  things  it  was  found  that  within  a year  of 
fabrication  several  fibers  in  cables  turned 
brittle. 

Laminations  of  1 , 3 and  6 fibers  were  made  in  up  to 
300  meters  lengths.  The  latest  assemblies  exhibited 
little,  if  any,  increase  in  loss.  Occasional  in- 
creases in  loss,  however , still  occur  and  efforts  are 
continuing  to  control  and  stabilize  the  encapsulation 
process.  The  main  advantage  of  this  approach  is 
the  minimized  proneness  to  microbending  due  to  im- 
proved rigidity  and  reduced  probability  of  fiber 
damage  during  construction  of  cable  core. 

Temperature  coefficient  of  attenuation  was  measured 
in  the  range  of  0°-  60°C  and  was  found  to  average 
0.2  dB/km/°c. 

One  cable  core  construction  consisted  of  a torsional ly 
preformed  metal  strip  with  a fiber  assembly  in  con- 
tact with  this  tape.  This  placed  the  fibers  at  or 
close  to  the  cable  axis  and,  therefore,  when  suitable 
torsional  lay  is  employed,  the  elongation  of  the 
fibers  is  kept  to  a low  and  safe  level  of  0.01  to 
0.027.  maximum.  The  cross-sectional  view  of  this 
cable  prototype  is  shown  in  Figure  4.  Its  attenuation 
was  measured  to  be  6.2  - 12.7  dB/km  at  825  wave- 
length. 


Figure  4:  Cross-Section  of  Cable  Prototype 

with  Glass  Fiber  Assembly  Placed 
in  the  Center  of  the  Cable 

Second  cable  prototype  construction  employed  ex- 
truded plastic  core  with  helical  grooves  and  had 
a wire  in  the  center  for  additional  axial  strength. 
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Fiber  assembly  was  placed  in  one  groove  while  the 
second  groove  was  left  for  three  No.  22  AWG  plastic 
insulated  metallic  pairs  - see  Figure  5.  The  optical 
loss  of  this  cable  design  was  found  to  be  4.2  - 6.6 
db/km  at  825  nra. 


Figure  5:  Cross-Section  of  Cable  Prototype 

with  Glass  Fiber  Assembly  Applied 
Helically  in  a Grooved  Core. 

The  advantages  of  fiber  assembly  placement  in  the 
grooves  are  numerous,  i.e. 

i.  Possible  shifts  in  helix  of  fiber 
assembly  are  eliminated. 

ii.  Compressive  forces  from  binders, 
core  tapes  and  cable  sheath  are 
avoided,  even  when  cable  is  bent. 

iii.  No  restriction  on  fiber  assembly 
movement  when  cable  is  flexed. 

iv.  Improved  fiber  safety  from  impact 
and  external  compression. 

v.  Greater  separation  from  heat  of 
cable  sheathing  operations. 

No  significant  increase  in  attenuation  was  observed 
in  cable  core  assembly  and  sheathing  operations.  The 
attenuation  of  cables  of  both  designs  was  primarily 
a function  of  the  degree  of  success  that  was  achiev- 
ed during  encapsulation  of  fibers.  The  core  con- 
struction of  the  above  described  cable  designs  was 
such  that  the  minimum  permissible  bending  radius  for 
our  fibers  of  about  7 cm  was  not  exceeded.  It  also 
became  apparent  during  mechanical  evaluation  of  the 
cores  that  larger  bend  radii  than  for  conventional 
cables  are  advisable. 

System  Aspects  of  Optical  Cable  Loss 

All  the  attenuation  figures  quoted  throughout  this 
paper  were  determined  with  0.1  launch  numerical 
aperture  and  excluded  the  transient  loss  which  is 
sometimes  referred  to  as  a non-equilibrium  loss  of 
the  glass  waveguide. 

Measurements  of  transmitted  power  versus  length  of 
fiber  was  done  with  launch  numerical  apertures 
varying  from  0.1  to  0.3.  The  non-linear  length  in 
all  cases  varied  between  20-40  meters.  Transient 
loss  at  0.1  launch  numerical  aperture  was  0.08  - 
0.32  dB.  Increase  in  transient  loss  due  to  increase 


in  N.A.  to  0.3  was  0.2  dh  average.  The  appropriate 
transient  loss  should  only  be  considered  once  for 
each  repeater  span  of  any  given  system,  i.e.  at  the 
output  of  the  repeater.  The  increase  in  attenuation 
in  the  linear  region  was  0.8  dB/km  average.  Measure- 
ments with  LED  were  not  done  because  of  anticipated 
variation  in  enmitted  pattern  from  manufacturer  to 
manufacturer . 

The  launch  N.A.  of  0.1  was  employed  on  the  basis  that 
it  represented  more  closely  the  capabilities  of  our 
fiber  waveguides  a*i  such  and  not  the  system,  or  more 
precisely,  its  light  transmitter.  The  approach  was 
not  dissimilar  to  that  which  is  comnonly  used  with 
conventional  lines  when  "cable  attenuation"  denotes 
true  characteristics  of  the  cable,  while  insertion 
of  the  cable  in  a specific  system,  changes  its 
transmission  performance  as  it  becomes  a function  of 
source  and  termination  impedance  and  is  then  re- 
ferred to  as  an  "insertion  loss." 

Optical  cables  in  general  have  sizable  fiber  to  fiber 
spread  in  attenuation  and,  therefore,  loss  averaging 
splicing  technique  will  be  required  for  each  cable 
span  between  repeaters.  Color  coding  of  fibers,  if 
employed,  can  only  ease  cable  end  to  cable  end 
identification  of  fibers,  since  color  to  color  splic- 
ing cannot  be  practiced  on  current  generation  of 
cables . 

Fiber  Splicing 

The  subject  of  fiber  splicing  is  rather  complex  and 
well  beyond  the  scope  of  this  paper.  The  list  of 
publications  on  this  subject  is  long  with  practically 
each  publication,  (13,14,15)  describing  different 
approach  and  the  results  that  were  obtained.  General 
Cable's  interest  centers  chiefly  on  factory  splices 
and  repairs.  Fused  splice  is  a prime  candidate  since 
the  size  of  any  mechanical  splice  cannot  be  tolerated. 
Fused  splice  also  has  a good  potential  for  use  in  the 
field.  The  work  is  in  progress  under  agreement  with 
Corning  Glass  Works  using  principles  described  in 
reference  14.  Splice  losses  as  low  as  0.05  dB  were 
achieved  in  restoring  continuity  to  broken  fibers. 

Summary  and  Conclusions 

This  paper  lists  the  criteria  of  optical  cable  de- 
sign in  general  and  describes  in  considerable  detail 
two  designs  that  yielded  average  optical  loss  well 
under  10  dB  per  kilometer.  Although  the  designs 
were  made  for  T1  PCM  carrier  system  application,  the 
same  approach  should  be  valid  in  constructing 
optical  cables  for  other  applications.  The  true 
test  of  the  system,  of  which  a cable  is  a part, 
will  come  from  an  installation  and  operation  of  a 
reasonably  long  system  in  an  actual  field  environ- 
ment . 
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A REVIEW  OF  OPTICAL  FIBER  CONNECTION  TECHNOLOGY 


by 

J.F.  Dalgleish,  Bell-Northern  Research,  Ottawa,  Canada 


SUMMARY 

Connections  for  bundle  and  single  fiber  cables  are  be- 
ing developed.  The  theory  of  fiber-to-f iber  coupling 
is  reviewed  and  the  sources  of  signal  loss  are  identi- 
fied. Techniques  for  making  single  fiber-to-f iber 
connections  are  discussed  and  the  basic  requirements 
for  practical  hardware  outlined. 

INTRODUCTION 

The  technology  of  optical  fiber  communications  systems 
has  advanced  rapidly  over  the  past  few  years.  Experi- 
mental systems  of  significant  size  have  been  installed 
and  are  under  evaluation  on  at  least  three  continents. 
General  review  articles  on  fiber  optic  systems  identi- 
fy three  essential  elements  which  ate  new  to  most  com- 
munications systems  designers;  a light  source  (light 
emitting  diode  or  laser),  an  optical  fiber  and  a light 
detector  (photodiode).  For  practical  systems,  there 
is  a fourth  - fiber  connections. 

Two  types  of  cables  are  used  in  optical  communications, 
each  having  a distinct  connection  technology.  One  uses 
fiber  bundles  in  which  all  fibers  transmit  the  same 
optical  signal  and  the  other  has  single  fiber  cables  in 
which  each  fiber  is  a separate  transmission  channel. 
Fiber  bundles  are  currently  employed  for  relatively 
short  systems  where  high  attenuation,  low  cost  fibers 
can  be  used.  Transmission  through  low-loss  single 
fiber  cables  will  be  the  dominant  approach  for  inter- 
mediate and  long  length  systems. 

Bundle  connection  technol ogy 1 >•’  is  based  mainly  on  mo- 
difications to  existing  coaxial  connector  hardware. 

The  fibers  are  inserted  into  a close-fitting  ferrule 
and  potted  in  place.  After  curing,  the  end  is  polished. 
To  make  a connection,  two  prepared  ends  are  coupled  to- 
gether in  an  alignment  sleeve. 

The  interconnection  of  single  fibers  requires  the  de- 
velopment of  new  connection  concepts.  The  essential 
objective  in  making  a single,  fiber-to-fiber,  connec- 
tion is  to  create  an  accurate  radial,  longitudinal  and 
axial  alignment  between  the  two  fiber  ends. 

THEORY  OF  FIBER-TO-FIBER  COUPLING 

Figure  1 illustrates  the  basic  principle  of  fiber-to- 
fiber  coupling  of  step  index  fibers  using  a simplified 
geometrical  ray  analysis.  Light  exits  from  the  trans- 
mitting fiber  core  according  to  the  relationship; 

NA  = (n,2  - rt22)1'1  = n-,  sine  (1) 

where 

NA  = numerical  aperature 
n;  = core  refractive  index 
n2  = cladding  refractive  index 
n3  « refractive  index  of  medium  at  the 
end  of  the  fiber 

o = maximum  half-angle  of  radiation. 

For  example,  a fiber  with  a si  1 ica-germania  core  (n,  = 
1.464)  and  a borosilica  cladding  (n  * 1.450)  has  a 
numerical  aperature  of  0.2  and  a maximum  half-angle,  , 
of  11.7°  in  air  (n?  = 1.0).  The  receiving  fiber  core 
accepts  light  according  to  the  same  relationship,  (1). 


Provided  that  the  transmitting  and  receiving  fibers  are 
identical,  then  any  light  striking  the  core  of  the  re- 
ceiving fiber  at  an  angle  of  11.7°  or  less  (in  air) 
will  be  transmitted  along  the  fiber. 


Figure  1 Radiation  from  a Step  Index  Fiber 


The  objective  is  to  capture  in  the  core  of  the  receiv- 
ing fiber  as  much  of  the  cone  of  light  radiated  from 
the  transmitting  fiber  as  possible.  (Some  light  may 
travel  for  a short  distance  through  the  cladding  of  the 
receiving  fiber  but  this  light  attenuates  very  rapid- 
ly.) Figure  2 illustrates  that  transverse  mi  sal ignment 
is  relatively  more  critical  than  end  separation.  How- 
ever, for  efficient  coupling  the  fiber  ends  must  be  in 
good  radial  alignment  and  be  butted  or  nearly  butted 
together. 


Transverse  Displacement  ( 4- 1 end  End  Separation  I L I 
D D 


Figure  2 Coupling  Losses  of  Step  Index  Fibers 
with  Transverse  Displacement  and 
End  Separation 


Fresnel  reflections  are  another  source  of  loss.  Light 
is  reflected  at  the  glass-air  interface  at  the  exit  of 
the  transmitting  fiber  and  at  the  air-glass  interface 
at  the  entrance  to  the  receiving  fiber.  The  reflecti- 
vity coefficients  for  each  interface,  Rqa  and  Raq  re- 
spect •vely,  are  defined  by, 


?40 


Rga  = Rag 


(n  »n.)2 


(2) 


where  n and  n.  are  as  defined  for  equation  (1)-  This 
relationship  is  valid  for  angles  of  incidence,  , up  to 
approximately  30“  (i.e.  NA  . 0.5). 


Using  the  above  example  of  a step  index  fiber  (n 
1.464,  n =1)  then  Rga  and  Rag  are  both  equal  to  3.5 ■ . 
Therefore,  the  maximum  coupling  efficiency  with  an  air 
gap  between  the  fiber  ends  is  approximately  93  (inser- 
tion loss  of  0.3  dB). 


El  Urinating  the  air  gap  between  the  fiber  ends  by  intro- 
ducing an  index  matching  medium  (i.e.  n.  = n,)  has  two 
effects.  From  equation  (1),  it  can  be  seen  that  the 
maximum  half-angle,  , is  reduced.  For  the  example 
above  (NA  - 0.2),  becomes  7.8",  thereby  concentrating 
the  'ransmi tted  radiation  into  a smaller  cone  and  nar- 
rowing the  acceptance  cone  of  the  receiving  fiber. 

This  reduces  the  sensitivity  to  end  separation  (as 
shown  by  the  broken  line  in  Figure  2).  From  equation 
(2),  Rg a and  Rag  both  reduce  to  zero.  Figure  3 shows 
the  relationship  between  the  reflected  light  and  the 
refractive  index  of  the  matching  medium.  It  illus- 
trates that  reflection  losses  are  dramatically  reduced 
with  only  an  approximate  match  between  the  refractive 
indices  of  the  core  and  matching  medium. 


In  all  of  the  above  analysis,  it  has  been  assumed  that 
the  ends  of  the  fibers  are  smooth,  flat  and  perpendicu- 
lar to  the  fiber  axis.  Fiber  end  defects  such  as  rough 
areas  (hackle),  scratches,  or  angled  end  surfaces  (i.e. 
not  perpendicular  to  the  fiber  axis)  will  contribute  to 
scatter  and  reflection  losses.  These  losses  are  diffi- 
cult to  quantify.  However,  the  use  of  an  index  match- 
ing medium  does  reduce  their  effects. 

Graded  index  fibers,  which  have  a non-uniform  refrac- 
tive index  across  the  core,  have  substantially  less 
dispersion  (i.e.  lower  pulse  broadening)  than  step 
index  fibers.  This  makes  them  attractive  for  long 
length,  high  capacity  systems.  The  optimum  refractive 
index  profile  to  minimize  dispersion  is  near-parabolic. 

The  radiation  pattern  from  the  end  of  a graded  index 
fiber  differs  from  that  of  a step  index  fiber.  The 
maximum  half-angle  of  radiation  from  the  transmitting 
fiber  is  a function  of  distance  from  the  center  of  the 
core  as  illustrated  in  Figure  5.  Consider,  for  exam- 
ple, a graded  index  fiber  having  a si  1 ica-germania  core 
with  a refractive  index  (n)  graded  from  1.467  at  the 
center  of  the  core  to  1.450  at  the  core/cladding  inter- 
face and  a borosilica  cladding  (n  = 1.450).  Using 
equation  (1)  at  the  center  of  the  core,  the  effective 
numerical  aperature  is  0.22  and  the  maximum  half-angle, 
, is  12.9“  (when  n = 1).  At  the  edge  of  the  core, 
where  n - n , the  effective  numerical  aperature  is 
zero  and  the  maximum  half-angle,  , is  also  zero. 
Therefore,  at  the  edge  of  the  transmitting  core,  light 
is  radiated  parallel  to  the  fiber  axis  and  similarly  at 
the  edge  of  the  receiving  core,  only  light  entering 
parallel  to  the  fiber  axis  will  be  transmitted  along 
the  fiber. 


Figure  5 Radiation  from  a Graded  Index  Fiber 


Axial  misalignment  also  contributes  to  coupling  ineffi- 
ciency’. Figure  4 illustrates  that  coupling  efficiency 
is  less  sensitive  to  axial  misalignment  than  the  sour- 
ces of  loss  previously  mentioned.  Nevertheless,  the 
angle  between  the  axes  of  the  fibers  must  be  accurately 
control  1 ed . 


Figure  4 Coupling  Loss  of  Step  Index  Fibers 
with  Axial  Displacement131 


Consequently,  the  coupling  of  a graded  index  fiber  is 
more  sensitive  to  transverse  misalignment  than  a step 
index  fiber  with  the  same  core  diameter  as  shown  by  the 
solid  line  in  Figure  64.  Unlike  step  index,  fibers,  a 
graded  index  fiber  has  the  ability  to  transmit  unbound 
or  leaky  rays  (modes).  Some  of  the  unbounded  rays  will 
attenuate  quickly  while  others  will  be  transn  tted  over 
long  distances.  If  the  receiving  fiber  is  short,  un- 
bounded rays  can  reach  the  detector  and  thereby  reduce 
the  apparent  sensitivity  to  transverse  misalignment  as 
shown  by  the  broken  line  in  Figure  61* . Consequently, 
measurements  made  with  short  fiber  will  lead  to  an 
underestimation  of  the  losses  caused  bv  transverse  dis- 
placement. 

The  signal  losses  introduced  by  transverse  misalignment, 
end  separation,  axial  misalignment  and  Fresnel  >-eflec- 
tions  are  cummulative.  Because  there  is  some  interde- 
pendence between  these  sources  of  loss,  it  is  inaccur- 
ate to  simply  add  the  effect  of  each  loss  as  though  it 
were  functioning  independently.  Nevertheless,  in  order 
to  better  appreciate  the  cunmulative  affect  of  coupling 
losses,  it  is  useful  to  make  the  simplifying  assumption 
that  these  sources  of  loss  are  independent  and  apply 
the  results  to  typical  fiber  geometries.  Table  1 sum- 
marizes the  results  for  two  step  index  fiber' 
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Transverse  Displacement  ( ^ I 


Figure  6 Coupling  Loss  of  Graded  Index  Fibers 
with  Transverse  Displacement ,a  1 

In  practical  applications,  contamination  represents 
another  potential  source  of  loss.  A single  particle, 
10  pm  in  diameter,  will  block  approximately  4i  of  the 
area  of  a 50  ,m  diameter  core.  This  represents  a loss 
of  approximately  0.2  dB. 

The  fiber  itself  can  contribute  to  the  losses.  Varia- 
tions in  outside  diameter,  core  diameter  and  core/ 
cladding  eccentricity  all  create  transverse  misalign- 
ment. 


Table  1 Cumulative  Losses  for  Step  Index  Fibers  (IMA=  0.2) 


Source  of  Loss 

Fiber  Core  Diameter 

50  um 

lOOum 

Transverse  Displacement  lOum 
5 um 

End  Separation  lOum 

5 um 

Axial  Displacement  3° 

1° 

Reflections  Dry 

Matching  Material* 

1.3 

0.6 

0.7 

0 2* 

0.6 

0.2 

0.3 

0 

0.6 

0.3 

0.4 

0.1  • 

0.6 

0.2 

0.3 

0 

Total  Losses 

2 9dB 

I.OdB 

1 9dB 

0 6dB 

Two  forms  of  optical  fiber  connection  are  required.  A 
permanent  fiber-to-fiber  splice  is  needed  to  join  cable 
into  lengths  that  exceed  the  maximum  single  length  that 
can  be  handled  in  the  field  and  to  provide  a means  of 
repairing  damaged  cable.  Secondly,  a remateable  fiber- 
to-fiber  connector  is  needed  to  permit  quick,  reliable 
attachment  to  transmitters,  receivers  and  amplifiers 
(repeaters)  and  to  facilitate  the  rearrangement  of  a 
system.  There  have  been  some  promising  experimental 
devices  developed  for  both  types  of  connection. 

SPLICING 

A loose-tube  splice''  is  illustrated  in  Figure  7.  It 
consists  of  a glass  tube  with  a square  cross-section 
which  is  appreciably  larqer  than  the  fiber  diameter. 

A length  of  this  tubing  is  prefilled  with  epoxy.  The 
fiber  ends  are  inserted  into  the  tube  and  bent  causing 
the  glass  tube  to  rotate  and  forcing  the  fibers  into  a 
corner.  The  fibers  are  then  butted  together  and  held 
in  place  until  the  epoxy  cures.  In  addition  to  holding 


the  fibers  in  place,  the  epoxy  acts  as  an  index  match- 
ing medium.  Splicing  losses  averaging  less  than  0.1  dB 
per  splice  using  graded  index  fibers  with  a 68  ,.m  core 
diameter  have  been  reported. 


w — Glass  T ube 


A number  of  experimental  techniques  using  a Vee  groove 
for  alignment  have  been  devised  for  splicing  fiber  rib- 
bons (tapes)'1  > . Essentially,  the  methods  consist  of 
laying  prepared  fibers  in  parallel  grooves,  spaced  to 
match  the  fiber  spacing  in  the  ribbon,  and  retaining 
them  in  place  with  an  index  matching  epoxy.  A "mass 
splice"  of  this  type  has  been  incorporated  into  each 
end  of  an  experimental  fiber-  cable  installation”.  The 
cable,  containing  144  fibers,  is  terminated  in  a 1?  by 
12  "mass  splice"  array  as  illustrated  in  Figure  8. 

After  the  jacketing  material  has  been  removed  from  each 
of  the  fibers,  they  are  interleaved  in  linear  arrays 
between  embossed  aluminum  plates  and  epoxied  in  place. 
The  end  of  the  completed  assembly  is  polished  and  mated 
with  an  identical  array  to  form  a splice.  Transverse 
alignment  between  the  two  polished  arrays  is  controlled 
by  grooves  at  the  top  and  bottom  of  the  half-splice  as- 
semblies. Careful  control  of  plate  thickness  and  em- 
bossing tolerances  limit  the  maximum  transverse  posi- 
tional error  of  any  one  fiber  to  a few  microns.  An 
index  matching  fluid  is  placed  between  the  polished 
surfaces.  Measurements  on  such  splices  in  the  labora- 
tory produced  average  splicing  losses  of  approximately 
0.1  dB. 


Figure  8 Mass  Splice191 
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The  use  of  a close-fitting  alignment  bore  for  single 
fiber  splicing  has  also  been  used.  An  early  experi- 
ment- employs  a fiber  as  an  embossing  tool  to  produce 
a close-fitting  half-bore  (i.e.  groove)  in  which  two 
fibers  can  be  aligned.  The  use  of  a glass  capillary 
with  an  inside  diameter  only  slightly  larger  than  the 
outside  diameter  of  the  fiber  has  been  proposed1  and 
experimental  field  tooling  and  techniques  for  using  a 
close-fitting  glass  capillary  splice  in  conjunction 
with  plastic  coated  fibers  have  been  developed  . A 
hole  in  the  side  of  the  sleeve  is  used  to  inject  an 
index  matching  adhesive.  Average  splicing  losses  with 
an  85  um  diameter  core,  step  index  fiber  are  reported 
to  be  0.3  dB. 

A metal,  single  fiber  splicing  element  has  also  been 
developed’-'  for  use  with  plastic-coated  multimode 
fibers.  A stainless  steel  tube  is  preformed  to  have  a 
center  alignment  bore  which  is  a close  fit  to  the  bare 
fiber  diameter  (Figure  9).  An  index  matching  fluid  is 
introduced  into  the  splicing  element  before  the  fibers 
are  installed.  With  the  plastic  coating  stripped  and 
the  ends  prepared,  the  fibers  are  inserted  into  the 
splicing  element.  The  ends  are  guided  by  tapered  sec- 
tions into  the  alignment  bore.  The  ends  of  the  stain- 
less steel  splicing  element  are  then  crimped  into  the 
fiber's  plastic  coating  to  produce  a permanent  assem- 
bly. Insertion  losses  averaging  0.3  dB  with  a 125  ..m 
diameter  core,  step  index  fiber  have  been  reported. 


Three  experimental , remateable  connectors  involving  the 
use  of  a close-fitting  alignment  bore  have  been  pro- 
posed. In  one  method-  , shown  in  Figure  10,  the  fibers 
are  centrally  mounted  in  precision  sleeves  using  epoxy. 
These  sleeves  are  inserted  into  close-fitting  alignment 
bores  in  the  connector  housings.  Insertion  losses 
averaging  about  1 dB  are  reported  for  graded  index 
fibers.  Rotation  of  one  fiber  causes  the  insertion 
loss  to  vary  between  approximately  0.5  dB  and  2 dB, 
which  is  an  indication  of  the  eccentricity  caused  by 
tolerance  buildup  between  the  machined  sleeves  and 
housings. 


(13) 

Figure  9 Single  Fiber  Splice 


Early  fusion  splicing  techniques’ •>  ’ have  used  a ni- 
chrome  wire  heating  element  to  soften  and  fuse  low 
melting  point  glass  fibers.  The  core  diameters  of 
these  fibers  were  small  (2  um  to  20  m ) and  micromani- 
pulation techniques  were  used  to  align  the  fibers  be- 
fore fusing.  With  the  development  of  low  loss,  large 
core,  multimode,  silica  fibers,  several  authors 1 1 1 3 

have  successfully  used  an  electric  arc  to  fuse  these 
high  melting  point  fibers.  Average  losses  of  0.3  dB  to 
0.1  dB  have  been  reported. 


CONNECTORS 


A second  approach  ' involves  the  use  of  jewellers  bear- 
ings mounted  inside  a stainless  steel  ferrule.  The 
small,  centrally  positioned  hole  in  the  center  of  the 
bea-ring  is  used  to  locate  the  fiber  at  the  center  of 
the  bearing-ferrule  assembly.  The  end  of  the  assembly 
is  potted  and  polished  to  produce  the  required  end 
finish.  Two  such  assemblies  are  held  within  a close 
fitting  sleeve  to  form  a connector.  The  eccentricity 
between  the  jewel  hole  and  alignment  tube  is  reported 
to  have  a worst  case  value  of  10  i.m.  No  experimental 
results  have  yet  been  published. 


A third  technique  , illustrated  in  Figure  11,  uses  the 
concept  of  the  formed  splicing  element  to  make  a re- 
mateable connector.  In  the  connector  plug,  the  end  of 
one  fiber  is  located  near  the  midpoint  of  the  alignment 
bore  which  is  filled  with  an  index  matching  fluid.  The 
second  fiber  floats  freely  in  the  connector  jack.  The 
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=3 

=J 
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Plug 


Assembled 


The  experimental  techniques  for  making  a remateable 
connector  are  more  diverse  than  the  splicing  techniques. 
The  first  published  device1  ’ is  an  adjustable  connector 
in  which  the  fibers  are  eccentrically  mounted.  Accur- 
ate transverse  alignment  is  achieved  by  rotating  one 
fiber  with  respect  to  the  other  until  the  monitored 
signal  through  the  connector  is  maximized.  Insertion 
losses  of  less  than  0.4  dB  have  been  achieved  with 
single  mode  fibers.  Several  improvements  to  the  ori- 
ginal design  have  been  proposed-  . . and  insertion 

Tosses  of  less  than  0.1  dB  have  been  reported  with 
multimode  graded  index  fibers  and  an  index  matching 
fluid. 
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Figure  11  Formed  Element  Connector 
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longitudinal  position  of  each  fiber  end  is  accurately 
located  with  respect  to  a reference  surface  on  each 
housing  using  an  installation  fixture.  During  assembly, 
the  loose  fit  between  the  outside  diameter  of  the  plug 
and  the  inside  diameter  of  the  jack  provides  a rough 
transverse  alignment  which  insures  that  the  jack  fiber 
enters  the  tapered  opening  of  the  plug.  When  fully 
mated,  the  reference  surfaces  are  in  contact  and  the 
fiber  ends  are  separated  by  a small  gap.  Typically, 
the  insertion  loss  of  this  connector  is  1.0  dB  with 
step  index  fibers  having  core  diameters  of  75  um  to 
100  um. 

Experimental  designs  for  multiple  connectors  are  also 
being  tested.  The  Vee  groove  concept  has  been  combined 
with  the  use  of  a three-point  alignment  mechanism  to 
produce  a demountable  multiple  fiber  connector26*27  as 
illustrated  in  Figure  12.  A series  of  Vee  grooves  is 
cut  into  the  circumference  of  two  ceramic  cylinders. 

One  groove,  deeper  than  the  others,  is  used  for  align- 
ment. Fibers  are  bonded  into  the  remaining  grooves  and 
the  ends  of  the  cylinders  are  polished.  Two  metal  sup- 
porting cylinders  and  an  aligning  cylinder  in  the  con- 
nector housing  provide  the  transverse  and  rotational 
alignment  between  the  ends  of  the  mating  cylinders. 
Insertion  losses  of  between  0.5  dB  and  2 dB  are  repor- 
ted using  graded  index  fibers  with  30  um  core  diameters. 


Figure  13  Molded  Multiple  Connector'7®1 
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Figure  12  Multiple  Connector2 


A molded  plastic  multiple  connector  (which  can  also  be 
used  as  a permanent  splice)  has  been  proposed'8  for  use 
with  fiber  tapes  *"d  cables.  As  illustrated  in  Figure 
13,  the  individual  fibers  in  the  tape  are  stripped  of 
their  jacketing  material  and  aligned  in  a precision 
spacer  within  a molding  block.  The  block  is  filled 
with  resin  and  cured.  After  curing,  the  potted  array 
of  fibers  is  pulled  from  the  molding  block,  leaving  the 
precision  spacer  in  the  molding  block.  The  slot  left 
by  the  removal  of  the  spacer  is  used  to  score  the 
fibers.  The  potted  array  is  then  tensioned  and  bent, 
thereby  breaking  the  fibers  (as  discussed  in  the  fol- 
lowing section).  By  mating  two  such  potted  arrays  in 
an  alignment  channel,  coupling  efficiencies  averaging 
approximately  0.1  dB  have  been  achieved  with  80  um  core 
diameter  fibers. 

Other  single  ' and  multiple  • 3 1 connector  designs  have 
been  proposed  but  at  present  do  not  appear  to  be  as 
promising  as  the  examples  that  have  been  discussed. 


FIBER  END  PREPARATION 

All  splicing  and  connecting  techniques  require  that  the 
fiber  ends  be  smooth,  flat  and  perpendicular  to  the 
fiber  axis.  Connection  methods  which  require  the  fi- 
bers to  be  bonded  or  potted  to  part  of  the  connection 
hardware  usually  achieve  this  end  condition  by  polish- 
ing the  fibers  with  a series  of  abrasive  compounds. 
Fibers  bundles  are  also  prepared  by  polishing. 

A "bend  and  score"  technique  for  single  fiber  end  pre- 
paration has  been  reported32  which  is  effective  and 
easier  to  adapt  for  use  in  the  field.  In  this  method, 
the  fiber  is  bent  over  a controlled  radius  and  ten- 
sioned (to  remove  compressive  stresses  caused  by  bend- 
ing). The  Surface  of  the  fiber  is  then  scored  to  ini- 
tiate a crack  which  propagates  across  the  fiber.  The 
bending  radius  and  tension  required  are  a function  of 
the  fiber  diameter  and  strength.  Several  authors5* 33» 
3U>35  have  reported  on  experimental  breaking  tools 
which  use  this  technique. 

Other  methods  of  preparing  fiber  ends,  including  ther- 
mal shock36,  have  been  reported  but  at  present  do  not 
appear  to  be  as  convenient  or  reliable. 

It  is  evident  from  the  experimental  techniques  that  the 
design  principles  of  optical  fiber  connectors  and 
splices  differ  substantially  from  their  electrical 
counterparts.  To  assess  the  potential  for  developing 
practical  hardware  these  techniques  must  be  compared  to 
the  basic  requirements  for  splices  and  connectors. 

SPLICE  REQUIREMENTS 

1.  Insertion  Loss.  The  total  splicing  loss 
along  a length  of  cable  must  be  substantially  less  than 
the  total  cable  attenuation.  It  has  been  suggested37 
that  an  insertion  loss  of  less  than  0.5  dB  per  splice 
will  be  required  on  long  lenqth  systems.  As  most  of 
the  reported  experimental  results  are  comfortably  below 
this  value,  this  requirement  should  be  achievable  pro- 
vided that  the  laboratory  techniques  can  be  adopted  for 
field  use. 
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DRAWING  SYMBOLS 


2.  Field  Installation.  Splices  are  a necessity  caused 
by  limitations  on  the  length  of  cable  that  can  be  in- 
stalled. The  value  of  a splicing  technique  (electrical 
or  optical)  is  judged  largely  by  the  ease  and  speed  of 
field  operation.  Compared  to  copper,  there  are  a large 
number  of  operations  to  be  performed  during  fiber  spli- 
cing. Consequently,  more  equipment  will  be  required 
than  for  copper  splicing.  Because  of  the  small  size  of 
fibers  and  the  accurate  alignment  required,  the  equip- 
ment will  be  more  sophisticated  than  that  used  with 
copper.  The  laboratory  results  to  date  indicate  that 
tooling  and  techniques  can  be  developed.  However,  it 
has  yet  to  be  established  which  of  these  techniques  can 
be  performed  in  the  field  using  trained  but  not  highly 
skilled  labour. 


To  avoid  confusion  with  electrical  systems,  particular- 
ly at  interconnection  points,  a set  of  drawing  symbols 
for  optical  components  is  required.  These  symbols  must 
be; 

a)  distinctive 

b)  compatable  with  existing  symbols 

c)  applicable  to  all  optical  components 

d)  simple  in  design. 

Table  2 offers  some  suggestions.  Existing  electrical 
symbols,  shown  in  the  left-hand  column,  form  the  basis 
for  the  proposed  symbols. 


3.  Mechanical  and  Environmental  Stability.  Spliced 
fibers  must  be  as  easy  to  handle  as  unspliced  fibers 
and  they  must  maintain  their  efficiency  over  an  exten- 
ded period  of  time  (for  example,  telephone  cable  spli- 
ces are  designed  for  operational  periods  of  up  to  40 
years).  The  experimental  fiber  splicing  techniques 
propose  to  use  a number  of  components  such  as  plastics, 
resins  and  fluids  which  will  have  to  be  carefully  se- 
lected and  thoroughly  tested  to  insure  splicing  stabi- 
lity. 


CONNECTOR  REQUIREMENTS 

1 . Insertion  Loss.  Because  connectors  must  be  remate- 
able  and  interchangeable,  the  insertion  loss  will  be 
somewhat  higher  than  that  of  a splice.  A figure  of 
less  than  1.0  dB  has  been  suggested37.  As  illustrated 
by  Table  I,  this  will  only  be  achieved  by  careful  con- 
trol of  the  sources  of  loss  and,  in  particular,  trans- 
verse misalignment.  The  number  and  magnitude  of  manu- 
facturing tolerances  which  contribute  to  transverse 
misalignment  must  be  kept  to  a minimum.  Relatively  few 
results  have  been  reported  on  connector  insertion  loss- 
es. Generally,  the  insertion  losses  have  been  at  or 
above  1.0  dB,  suggesting  relatively  large  transverse 
misalignments. 


Table  2 Possible  Drawing  Symbols  for  Optical  Components 


Component 


Electronic  Symbol 


Optical  Symbols 


"Conductor" 

Connector 

Plug 

Connector 

Jack 

Hermaphroditic 
Connector 

Splice 


Photodiode 


LED  or 
Laser  Diode 


Directional 

Coupler 


X 


'±t- 


X 
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2.  Repea tabi 1 i ty . The  insertion  loss  with  repeated 
matings  of  the  connector  must  be  constant.  Most  of  the 
experimental  results  which  are  consistently  equal  to  or 
less  than  1.0  dB  have  used  an  index  matching  material. 
As  with  the  splice,  careful  selection  and  thorough  tes- 
ting will  be  required  to  insure  than  repeatable  connec- 
tions can  be  made. 

3.  Handling  Characteristics.  Optical  fiber  connectors 
must  have  handling  and  environmental  characteristics 
similar  to  electrical  connectors.  This  implies,  among 
other  things,  that  the  connector  design  must  protect 
the  fibers  against  accidental  damage  in  the  unmated 
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opment of  practical  connection  hardware.  At  the  pres- 
ent time,  splices  are  closer  to  meeting  their  basic  re- 
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1 Tnt roductlon 

'fhe  studies  undertaken  to  establish  tbe 
feasibility  of  communication  systems  based 
or.  ptical  fibre  are  so  recent  and  so  well 
known  as  to  need  no  recapitulation 
However,  feasibility  caving  been  established, 
trie  time  taken  to  create  practical  working 
systems  depends  heavily  on  being  able  to 
realise  system,  components  capable  of  with- 
standing real  work  environments  and  of 
satisfactorily  low  cost.  The  overall 
riterioi  to  be  mat,  : rourse,  is  that  th< 

new  c /stem  must  be  capable  of  providing  the 
required  service  at  a lower  total  cost  than 
that  of  competing  technologies.  This  does 
not  necessarily  mean  that  each  component  in 
the  system  must  be  cheaper  than  that  of  other 
systems  although  it  is  clearly  advantageous 
that  it  should  be  so. 

Component  devel  pr.ont,  therefore,  must 
be  undertaken  to  meet  two  main  bjectives  : 

1.  The  component  mist  satisfy 
the  technical  requirements 
of  the  system. 

2.  The  installed  cost  rust  meet 
the  overall  system  cost 

cri terion . 

With  t- ese  objectives  in  mind  approxi- 
mately five  years  ano  PI”  established  a 
small  development  team  to  Investigate  the 
problems  of  reallsintr  practical  optical 
fibre  cables.  Work  was  first  aimed  at 
establishing  basic  design  principles  and 
later  at  the  development  and  production  of 
actual  cables  suitable  for  field  evaluation. 

This  paper  outlines  the  work  undertaken 
to  date,  reports  the  very  satisfactory  field 
performance  of  installed  cables,  and  suggests 
cable  constructions  which  it  is  believed 
would  be  suitable  for  future,  more  ambitious, 
systems. 

2 Cable  Design  Objectives 

The  design  of  an  optical  fibre  cable 
for  use  in  a telephone  network  involves 
solving  the  problem  of  protecting  fibres  for 
duct  installation,  i.e.  avoiding  breakage 
and  increased  attenuation  arising  from  the 
form  of  distortion  known  as  microbending. 
Individual  fibres  are  normally  provided  with 
some  form  of  plastics  coating,  which  may  be 
Just  a few  micrometers  thick,  to  prevent 
abrasion  of  the  glass  surface,  or  a much 
thicker  ("buffer")  coating  of  0.3'0.5mm. 

The  realisation  of  fully  satisfactory  buffer 
coatings,  however,  is  not  easy,  and  generally 
requires  an  extra  production  process.  The 
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simple  cable  to  be  described  doe.  not  in  or- 
porate  buffer  coatings. 

3 ‘iistorv  of  PSP  ^Neutral  Axis)  Cable 

The  basic  shape  originated  in  designr 
worked  out  in  1972  and  which  were  examined 
under  a Post  Office  Corporation  development 
contract.  A first  principles  design  study 
w as  made  for  a structure  whi  ’h  would  package 
almost  inextensible  glass  fibre,  and  yet 
tolerate  enough  tension  to  pull  2km  lengths 
into  ducts,  i.e.  a cable  which  would  be  light, 
have  a high  Young's  modulus  at  low  tensile 
strain,  and  yet  be  flexible  and  adequately 
resistant  to  crushing.  A simple  constructior 
satisfying  these  requirements  was  in  essence 
a steel -reinforced  plastic  ribbon  - a fla‘ 
extrusion  of  polyethylene  containing  steel 
w\res  and  optical  fibres  ir.  line  on  the 
neutral  axis  for  bending. 

The  con -ept  was  tried  experimentally  for 
the  Post  Office  using  glass  fibre  bundle,  at 
a time  when  fibre  breakage  was  the  major  con- 
sideration, and  the  problems  cf  mice. bending 
had  yet  to  be  recognised. 

In  197^,  following  an  agreement  between 
PICC.  the  Plessey  Company,  and  Corning  Glass 
Works,  which  mad*  Ing  : Lbre  available  to 

Bice,  attention  turned  to  the  development  of 
cables  containing  relatively  few  low-loss 
fibres.  The  first  successful  trial , in  which 
isolation  of  the  fibres  to  avoid  the  problem 
of  microbending  was  provided  by  forming  a 
cavity  around  them,  was  carried  out  in 
November  1972*  (Fig.l). 

This  cable  was  cut  and  installed  as  two 
lengths  in  the  grounds  of  Taplow  Court  in 
Berkshire  the  following  month*  , and 
television  sig.nals  were  transmitted  later  the 
same  day.  Other  details  are  shown  in  Tables 
1 and  2.  A normal  cable  installation  team 
pulled  the  cable  in  by  hand,  and  no  diffi- 
culties were  encountered.  The  cable  has 
remained  stable  in  attenuation  as  shown  in 
Table  3.  and  is  used  for  the  experimental 
transmission  of  base-band  television  and  PCM 
signals. 

4 Hastings  Cables 

The  first  experience  of  pulling  PSP 
cable  over  other  cables  in  the  same  duct  came 
from  an  order  from  Rediffusion  Ltd.,  who 
wished  to  evaluate  optical  fibre  cable  in  the 
Vision  Trunk  feeder  of  their  TV  distribution 
network  at  the  British  South  Coast  resort  of 
Hastings.  A two-fibre  cable  design  was 
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selected,  each  fibre  to  carry  one  television 
channel  on  a carrier  frequency  of  around 
9MHz.  These  cables  were  successfully  pulled 
through  crowded  ducts  by  the  customer's  own 
installation  team  (Fig. 5)- 

This  installation,  which  is  believed  to 
be  one  of  the  earliest  installations  of 
optical  fibre  cables  in  commercial  service, 
is  of  particular  interest  since  during  instal- 
lation many  situations  were  encountered  that 
were  typical  of  a distribution  network  in  an 
urban  area.  A full  description  of  the 
installation  is  given  in  Appendix  1 together 
with  a rou*"e  diagram.  No  problems  arising 
from  the  optical  fibre  cable  were  encountered 
and  the  installation  undoubtedly  proved  the 
ease  with  which  the  cable  can  be  handled, 
and  its  extremely  uncritical  nature.  It  is 
unlikely  that  any  other  wideband  cable  could 
have  been  installed  in  this  environment  as 
easily  and  without  degradation  of  intrinsic 
performance . 

Experience  to  date  with 
Hastings  Installation 

Bearing  in  mind  the  difficulties  experi- 
enced during  installation  from  the  congested 
nature  of  the  ducts,  that  a significant  part 
of  the  route  is  alongside  a main  road  carry- 
ing heavy  traffic,  and  has  a gradient  of 
1 in  6 in  parts,  the  very  consistent  perfor- 
mance of  the  cable  must  be  regarded  as 
encouraging*  "*  The  simplicity  of  the 

design  has  not  been  shown  to  be  a weakness, 
and  the  performance  has,  in  every  way,  matched 
that  of  the  traditional  coaxial  cable  in  its 
ability  to  resist  its  environment. 

Since  March  1976  the  cable  has  carried 
BBC  and  ITA  television  programmes  to  over 
3^,000  subscribers  in  the  Hastings  area, 
without,  in  fact , many  of  the  subscribers 
being  aware  that  they  are  participating  in 
a significant  experiment.  Indeed  if  there 
are  any  disappointments  resulting  from  the 
Hastings  experiment  they  can  only  be  that 
the  new  technology  has  produced  such  an  un- 
remarkable result.  Already  from  this  field 
trial  one  can  begin  to  draw  the  concl  sion 
that  system  costs  alone  will  determine  the 
rate  at  uhlch  optical  fibre  cable  systems 
can  be  absorbed  into  cable  television  networks. 

6 Jointing 

Our  early  experience  suggested  that  a 
practical  way  of  providing  the  necessary 
alignment  at  a butt  Joint  between  two  fibres 
was  to  utilise  an  impressed  groove  in  a 
malleable  metal,  tailoring  the  groove  by 
using  similar  fibre  as  the  forming  tool. 

This  approach  is  a development  from  the  method 
described  by  C.G.  Someda®  of  Bell,  which 
used  an  impressed  groove  in  perspex. 

The  first  outside  installation  was  in 
May  1975*  when  the  shorter  of  the  Taplow 
cables  was  cut  and  Jointed  in  an  access  box. 

The  completed  Joint  was  protected  by  inser- 
tion in  a standard  Post  Office  Jointing 
sleeve  (Pig. 6).  Other  field  Joints  have 
subsequently  been  made,  as  indicated  in 
Tahle  1. 


Copper  groove  Joints  have  been  shown  to 
be  quite  feasible  to  Install  in  the  field, 
although  so  far  only  by  experienced  labora- 
tory personnel.  No  attempt  has  beer,  made 
yet  to  semi -automate  the  process,  but  much 
could  be  done  in  this  direction  when  the  need 
arises. 

Joint  attenuation  can  be  considered  as 
a sum  of  two  parts.  One  is  the  intrinsic 
mismatch  loss  between  fibres  which  differ  in 
size  or  n.a.,  and  would  be  present  even  if 
perfect  alignment  were  provided  by  the  Joint- 
ing technique.  The  other  arises  from  lack 
of  perfection  in  the  Joint,  and  would  be 
present  even  if  the  fibres  being  Joined  were 
identical.  In  practice  the  Joint  loss  is 
typically  found  to  be  the  mismatch  loss 
(where  the  fibres  are  different  in  size  or 
n.a.)  plus  O.ldB.  Present  Joints  include  a 
drop  of  index  matching  liquid  (liquid 
paraffin  is  used)  at  the  fibre  Junction.  No 
evidence  of  degradation  with  time  has  been 
seen  to  date. 

No  claim  is  made  that  this  is  a final 
solution  to  fibre  Jointing,  but  it  appears 
to  be  at  least  a satisfactory  interim 
solution  for  the  early  cable  evaluations  now 
being  undertaken. 

7 Exhibition  Cable 

At  the  time  of  the  1st  European 
"Conference  on  Optical  Fibre  Systems, 

September  1975,  the  Post  Office,  to  show  9.K 
prepress,  arranged  a small  exhibition  in  a 
nearby  building.  The  BICC/Plessey  contribu- 
tion was  a demonstration  of  TV  over  a 6-flbre 
cable  temporarily  installed  as  a loop  in  and 
below  the  building.  The  rorte  included  a 
30  metre  vertical  shaft  and  a Horizontal 
tunnel.  Installation  was  carried  out  by  a 
Post  Office  team.  After  the  exhibition  the 
cable  was  recovered  and  redrummed.  The  re- 
drummed  cable  was  measured  and  found  to  have 
its  original  characteristics. 

Gresham  Street 

By  arrangement  with  the  Post  Office,  a 
"able  was  laid  in  December  1975  between 
Wood  Street  exchange  and  a Post  Office 
building  in  Gresham  Street  in  the  City  of 
London,  with  the  intention  of  providing  an 
experimental  link  for  vision  signals  (Fig. 2). 
A second  cable  was  added  in  July  1976.  Four 
Joints  are  present,  including  one  in  a foot- 
way hex  near  the  Bank  of  England  (Fig. 4). 

The  attenuation  measurement  record  shows 
that  no  appreciable  loss  has  been  added  by 
■ Hat i on  or  Jointing.  It  Is  intended  by 
i !(  • , e the  con.pl-,  • ■-  • i cal 

T'.  a ar.  insert  in  a conventional  cable 
network,  ir  urd^r  to  gain  experience  of  the 
long  term  stability.  Information  available 
so  far  on  attenuation  stability  In  general 
su£0-  ot.  that  _ables  which  are  made  without 
introducing  added  attenuation  are  subsequent- 
ly s'  .lit. 
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• Environmental  Testing 

A short  length  of  early  PSP  cable  was 
subjected  at  horning  to  a series  of  mechani- 
cal tests  of  the  kind  applied  to  military 
-ables.  The  following  were  included  : 


1 . 

Tension 

2. 

Twists  on  tensioned 

cable 

3. 

Repeated  - 90° 

bends 

4. 

Impact 

The  results  are  given  in  Table  A.  Whilst 
some  failures  occurred  the  behaviour  of  the 
cable  was  generally  encouraging.  Post  Office 
tests  have  included  folding  the  cable  back 
on  itself  and  compressing  in  a vice  until 
the  loop  was  flattened.  The  fibres  did  not 
break. 

Temperature  cycling  gf  a drum  gf  recent- 
ly-made cable  between  -10  C and  +60  C showed 
no  change  in  attenuation. 

Certain  of  the  mechanical  tests,  parti- 
cularly those  where  tension  is  involved, 
appear  irrelevant  on  short  lengths;  because 
of  '•he  loose  mechanical  coupling  between  the 
fibre  and  the  cable  sheath  practically  no 
load  is  ‘ransferred  to  the  fibre  in  a tyoical 
case . 

1C  R''und  - "eot  1 on  'CM  'al  '''abler 

In  parallel  with  the  development  of  the 
flat  cable,  research  here  and  elsewhere  has 
been  carried  out  to  develop  round -section 
optical  cables,  more  closely  resembling  con- 
ventional telephone  cables”  . Corguide  i 
an  example  c'  an  intermediate  class  of  cable, 
superficially  a round  cable,  bu^  having  a 
preferred  direction  of  bend  characteristic 
of  a flat  cable  (by  the  use  of  2 diametri- 
cally opposed  reinforcement  members). 

Numerous  designs  for  cables  witr.  true 

round -se  tion  symmetry  hav<  been  propo  j. 

One  BICC  design  being  developed  for  the  Pos*- 
Office  comprises  6 fibres,  individually 
coated  by  a soft  buffer  material  (thermo- 
plastic rubber),  laid  up  with  hard  polyethy- 
lene filaments  around  a central  core  which 
provides  tensile  strength. 

A d vantages  an d Disadvantage s 
of  FI  as  cable 

All  the  cable  installations  undertaken 
or  Dlanned  to  date  have  involved  flat  cahle. 
The  advantages  of  the  design  have  already 
been  outlined  in  Section  3 and  it  is  fair  to 
record  that  these  advantages  have  been  shown 
to  be  real  under  practical  field  conditions. 

No  fibres  have  been  broken  during  installa- 
tion, even  when  cables  have  become  Jammed  in 
blocked  duct  router,  or  when,  for  purpose,  of 
exhibition  or  simply  to  make  the  best  possible 
use  of  resources,  individual  cables  have  been 
installed,  withdrawn  and  re-installed.  The 
crush  resistance  of  the  design  has  been  arrnlv 
Droved  and  one  of  the  cable  lengths  installed 


in  London  survived  tramping  underfoot  by 
London's  lunchtime  shoppers  as  it  lay 
'flaked'  on  the  pavement  awaiting  installa- 
tion. However  the  flat  design  could  have 
certain  disadvantages.  Although  one  can 
visualise  it  being  developed  to  contain  say 
15  or  18  fibres  it  is  more  difficult  to 
visualise  a version  containing  say,  100 
fibres,  without  returning  to  a fibre  bundle" 
concept.  Also  cable  installation  engineers 
believe  that  a flat  cable  may  in  certain 
circumstances  be  more  prone  to  wedging  when 
drawn  into  ducts  containing  other  cables. 

Finally,  the  design  is  asymmetrically 
compliant  and  this  can  make  installation  a 
little  more  difficult,  and  is  not  usually  a 
characteristic  of  cables  used  in  telephone 
networks.  A round  design  of  cable  removes 
a number  of  these  alleged  disadvantages,  but 
on  the  other  hand  it  is  difficult  to  visua- 
lise a round  cable  construction  which  enjoys 
the  immunity  of  damage  from  crushing  imparted 
by  the  flat  design.  A round  cable  will  only 
have  a symmetrical  compliance  if  the  strength 
members  are  suitably  disposed  circumferenti- 
ally or  are  along  the  neutral  axis.  Moving 
the  optical  fibres  away  from  the  neutral  axis 
demands  that  some  provision  is  made  for 
relative  movement  of  the  fibres  when  the 
cable  is  bent  and  probably  will  result  in 
minimum  tending  radii  being  insignificantly 
greater  than  that  of  a flat  design.  However 
it  is  recognised  that  the  simple  flat  design, 
having  limited  scope,  will  gradually  be 
replaced  by  round  designs  or  mere  symmetrical 
onstructions  which  preserve,  as  far  as 
possible,  the  good  features  of  the  flat 
design.  This  point  is  treated  in  further 
detail  under  Section  12. 

12  Future  Developments 

To  dare  production  and  field  experience 
of  the  PSP  cable  have  indicated  its  satis- 
factory design  despite  limited  disadvantages 
which  have  been  mentioned,  and  which  in 
practice  have  proved  to  be  more  imagined  than 
real . 

It  has  been  demonstrated  so  far  that  It 
is  practicable  to  make  and  install  PSP  cable 
without  raising  the  fibre  attenuation,  and 
that  suen  cables  can  be  jointed  in  the  field. 

The  'open'  construction  of  PSP  cable 
means  that  in  the  event  of  sheath  damage 
water  coula  gain  access  to  a considerable 
length  of  cable.  Some  work  has  been  done  -n 
filled  cr  waterpro.  f version: : f ,he  cable 

and  this  worn  in  continuing.  Such  filling 
may  also  be  useful  in  preventing  creep  in  the 
presence  of  vibration,  should  this  prove  to 
be  a problem. 

Designs  of  cables  are  also  being  in- 
vestigated in  which  small  numbers  of  fibres 
are  incorporated  in  plastic  tubes,  which  are 
later  stranded,  to  form  a circular  unit  type 
cable.  Strength  members  are  Incorporated 
either  on  the  cable  axis  or  in  the  cable 
Sheath  thereby  preserving  the  symmetry  of  the 
design.  Impact  resistance  of  the  design  is 
expected  to  be  satisfactory  although  it  is 
not  expected  that  the  design  will  he  able  to 
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withstand  large  compressive  forces  for  long 
periods.  Tn  parallel  wi'h  this  work  further 
work  Is  being  carried  out  on  'buffered'  fibre 
designs  as  noted  In  Section  10. 

Some  consideration  is  also  being  given 
to  versions  of  cables  suitable  for  overhead 
use.  Two  approaches  are  being  considered, 
the  first  relying  on  a conventional  catenary 
upport,  the  second  relying  on  a reinforced 
design  of  sheath.  Experience  to  date 
suggests  that  successful  cables  can  be  evolv- 
ed using  the  techniques  indicated. 

13  conclusion 

In  this  paper,  work  carried  out  by  BICC 
in  the  development,  of  optical  fibre  cables 
‘.as  been  reported  together  with  practical 
experience  from  cables  installed  in  working 
systems.  It  1.  clear  from  the  experience 
gained  that  practical  transmission  systems 
can  be  built  employing  optical  fibre  cables 
and  that  adequate  techniques  already  exist 
for  the  installation  of  these  cables.  Their 
stability  in  service  suggests  that  no  long 
term  problems  are  likely  to  develop,  and 
that  such  systems  can  be  confidently  accepted 
into  commercial  use.  The  further  work  to  be 
carried  out  must  be  aimed  ret  only  at  realis- 
ing the  improved  cables  noted  but  also  must 
be  aimed  a*-  further  reducing  their  cos':.  A 
significant  factor  in  able  cost  is  the  cost 
of  the  fibre,  which  can  be  expected  to  reduce 
as  the  volume  of  production  increases. 
However,  in  the  medium  term  optical  fibre 
systems  may  well  provide  the  lowest  °ost 
solution  to  certain  network  requirements  and 
it  is  felt  that  the  experience  reported  will 
ontribute  to  the  confident  acceptance  of  the 
optical  fibre  cable  solution  in  these  cases. 
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Figure  captions 

(l) 

A 2-fibre  PSP  cable* 

(2) 

Installing  cable  in  the  City  of  London 

(?) 

Cross-section  of  the  cable  of  Fig. 

1 

(4)  Making  foot-way  box  Joint  in  the  City 
of  London 


(5)  Hastings  installation 

(6)  Join''  and  protective  sleeve 


♦This  cable  and  its  method  of  manufac- 
ture are  the  subjects  of  British  & 
foreign  patent  applications. 
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TABLE  1 


Installation.:  of  POP  ;able 


Location 

Date 

Cable 

Duct 

Length 

Field  Joints 

Notes 

(m) 

in  cable* 

Taplow 

Dec  74 

2-fibre 

50mm  PVC 

740 

0 

Joint  was 

(empty) 

200 

1 

added  Kay 
1975 

Hastings 

Oct  75 

2-fibre 

niazed  earthen- 

800 

1 

Carrying 

ware,  P.0,  type 
(with  other 
cables ) 

650 

commercial 
traffic 
since  March 
1976 

London 

Sep  75 

6-fibre 

None 

1000 

0 

Temporary , 

(cable  on 

for  exhibi- 

racks ) 

tion  purposes 

City  of 

Dec  75 

4 -fibre 

P.0  ducts 

400 

1 

Commissioned 

London 

Jul  76 

2 -fibre 

(with  other 

1000 

1 

to  CCTV 

cables) 

Standard 

(♦For  this  purpose,  a field  Joint  is  one 
in  a footway  box  or  kiosk.  Joints 
located  in  buildings  are  not  included) 


TABLE  2 

Optical  path  attenuations  at 
f ■ TOurr  wavelength 


Location 

Length  (*.r> ) 

Attenuation  (dB) 

Notes 

Taplow 

740 

20 

Loop  attenuation (2  x 740 
fibre  metres) 

200 

6 

Loop  attenuation (2  x 200 
fibre  metres) 

Hastings 

800  + 650 

18 

1427  metres  route  length 

800  + 650 

22 

1427  metres  route  length 

London 

1000 

20 

Temporary  installation 
for  exhibition  purposes 

City  of 
London 

380 

12 

Loop  attenuation (2  x 380 
fibre  metres) 

930 

8 

Loop  attenuation (2  x 950 
fibre  metres) 

The  fibres  used  were  supplied  by 
Corning  Glass  Works  and  ranged  in 
attenuation  from  l^dB/km  to  4dR/km 


2b  1 


Attenuation  stability  of  Installed  cable 
(A* tenuatlon  measured  at  0 


Location 

— 

Length  fro) 

Date 

Attenuation , 

dB 

Fibre  1 

Fibre  2 

Measured 

Expected 

Measured 

Expected 

taplow 

740 

Dec  ,7b 

13.6 

_ 

7.0 

_ 

Apr. 75 

13-3 

6.7 

Nov. 75 

12.2 

- 

6.9 

- 

Feb. 76 

11.6 

~ 

7.0 



— 

Hastings 


Oct. 75 
Oct. 75 


Calculated  Joint 
mismatch  due  to 
fibre  differences 


Jan . 76 


Expected  values  calculated  pro  rata  from  measurements  on  original  1km 
manufactured  length  of  cable. 


City  of 
London 


2 x 580 

(instal - 
led  Dec. 
1975) 

2 x 950 

(instal - 
led  Jul. 
1976 


Aug. 76 


Aug. 76 


Fibre 

loop 

Measured 

Expected 

11.7 

11.2 

7.5 

- 

Expected  value  from  measurements  immediately  after  installation 


'rAnLE  4 

Mechanical  Tests  on  2 -fibre  ^able 


Test 

Conditions 

Number  of 
cable 
samples 

Fibre 

fail- 

ures 

Tensile 

Up  to  91kg 
load . 

Gauge  length 
0.6lm 

2 

0 

Twist 

Plus  and 
minus  90° 
under  tensile 
load  2.3kg, 

30  cycles/min. 
2000  cycles 
total 

3 

0 

Pend 

Plus  and 
minus  90 
over  2.5cm 
mandrel , under 
tensile  load 
2.3kg,  30  cycles/ 
min.  F ail  1 re  of 
strength  member 
occurred  at  200 
to  270  cycles, 
and  Jacket  at  740 
to  2000  cycles 

3 

1 

Impact 

Impact  3 to  6 
ft  lb  (0.4  to 
0.8  m.kg)  at  30 
impacts/min. 
There  was  little 
dependence  on 
impact  magnitude 
in  this  range 

30 

No.  of  impacts 

3 

4 

10 

200 

0* 

3* 

6* 

16* 

♦Cumulative  total  out 
of  60  fibres 
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Appendix  I 

The  iru.tallatlon  of  u -wo-flb'e 

• ’ . 

at  "is1  Ir.s:  - 21  ar.d  ‘ C > : er  1 '-75 

1 ^able  Installation 

All  ducts  had  been  pre-rope j with  a V 
hessian  rope,  and  a draw  rope  wa:  als  pulled 
In  with  the  cable  between  each  box.  All 
pulling  In  was  done  by  hand. 

The  first  drum  (Drum  A)  was  set  up  at 
the  surface  box  across  the  road  from  the 
Blackman  Kiosk  and  the  cable  pulled  towards 
the  box  at  tne  Junction  of  Marline  Avenue  a 
distance  of  lib  metres  up  a 1 In  8 ...lope. 

: ■ ■ g ter  n wa  • , ind  tl 

war  lubri  -ated  with  liquid  paraffin  at  the 
entry  box.  The  duct  was  of  A”  diameter 
glazed  earthenware  and  contained  seven  small 
diameter  ables. 

The  cable  was  then  pulled  to  the  next 
t ox  a further  distance  of  157  metres  '.-.it! 

lx  foot  rise  and  fall  In  the  same  ,ype  ,f 
duct  containing  six  small  diameter  tables. 

Tne  able  had  lubrication  applied  at  the 
intermediate  box  and  the  pulling  tension  in- 
creased to  35.1b.  The  -.able  was  then  pulled 
a further  132  metres  lows  a 1 In  21  slcp>  in 
the  same  type  duct  . obtaining  cables, 

lubrication  being  applied  at  the  tart  and 
the  two  intermediate-  box-.-.  However , part 
way  through  this  pr1!  the  pulling  ' .e-nylon  in 
creased  dramaticall  y and  the  ; ynarrr  meter 
registered  a’  1 Uji  10  Tt  tendon.  Pulling 
was  stopped  and  it  war  •.isumed  that  the  draw 
• p >.a.  wrapped  i"  und  -he  existing  cables. 

To  overcome  this  problem  i4:  was  decided  to 
pull  out  a loop  at  the  rrevi'us  box  and  there- 
by eliminate  a:iv  drag.  This  brought  the 

length  down  to  linm. 

fhe  cable  was  then  pulled  180  metres  to 
the  next  box  down  a 1 in  30  slope.  Lubrica- 
tion was  stopped  at  the  first  of  the  inter- 
media1- .■  boxes  but  maintained  at  the  second 
and  third  boxes.  With  the  loop  out  at-  the 
second  box,  to  relieve  the  tension  over  the 
third  length,  all  the  -able  was  pulled  through 
at  this  point  and  flaked  out  onto  the  grass 
- . nough  at 

fed  back  ac-oss  the  road  to  the  Blackman  Kiosk. 

One  all  the  cable  had  been  pulled  through, 
i,  ?,  3,  and  4 were  closed  down  and  the 
cable  fed  under  Blackman  Avenue  to  the  bex 
across  the  road.  Mer.  were  stationed  at  these 
right  angle  boxes  to  keep  a free  lc.p  in  the 
cable  and  to  lubricate  it. 

The  cable  passed  through  anot.ner  inter- 
mediate box  at  66  metres  and  onward  87  me- re 
to  a box  on  the  corner  of  Stonehouse  Drive 
where  it  was  pulled  out  onto  the  pavement 
because  the  box  was  on  a bend,  and  the  duct, 
entry  and  exit  at  this  box  caused  rope  foul- 
ing. The  down  gradient  at  this  point  was 
1 in  4o  and  no  high  tensions  were  experienced, 
’'’he  cable  was  then  back-fed  13  metres  int 
the  Hollington  kiosk  where  a -able  t >int  was 
to  be  made  at  a later  dat-e  by  Rf-e, 


'T'he  second  drum  (Drum  B)  wa:  se*  up  at 
a rnai.r  Te  metres  from  “■'Tlir.gt  n Kiosk 

and  the  cable  pulled  t wat  1 

The  same  procedure  wa-,  foil  wed  a:,  for 
Drum  A.  Men  we'-e  stati  ned  at  the  pull- 
through  boxes,  lubricating  and  a lip  the 
cable  through  and  no  hard  p.lls  were 
experienced . 

The  cable  was  pulled  6?  metres  down  a 
1 In  25  slope  through  a 5 iri-n  glazed  duct 
obtaining  • cal  les  t a ri  led 

then  20  metre:  level  to  tne  next  right-angled 
:.ox,  then  iretr-e::  through  an  empty  P.V.C. 
duct  Jown  a 1 ir.  6 gradient , then  through  a 
3 inch  steel  pipe  for  18  metres  levei  to  the 
next  box.  wi.ere  --  ugh  abi  to  reach  1 ne 
Helling1  n Kiosk  uar  flaked  ont  1 grass 
verge.  The  previoti:  boxes  wc-re  now  1 sod 
down. 

The  next  b x was  46  metres  away  along 
Ttonehot.se  Drive  but  troubl-  wa  experienced 
with  the  nulling  rope.  This  was  due  to  a 
ollap  . . . . onstructic 

cl  work  carried  ou*"  nearby.  The  duct  had  to 
be  exposed  ar.d  'wo  spl  i 1 sections  of  duct 
installed  b .for-  cabling  could  continue. 

The  cable  was  pulled  through  46  metres 
of  icr  in  ’eve!  grour  1 to  thg  next  ir.'  er- 
media' f box,  12.5  netr  - a*-  a ''-5°  angle  to 
the  next  box.  “-hen  6 : metres,  at  which  box 
‘he  ca'*le  wee  age':  flak  .“I  onto  a grass  •■•e,y-o 
due  to  the  awkward  entry  and  exit  of  the  d-.-' 
The  cab!'  -wa.?  then  fed  for  2.5  metres  to 
another  box  in  a 4 inch  glazed  due*  contain- 
sbles,  then  3 nl  and 

finally  3 metres  into  the  Kiosk. 

■"he  cable  now  remaining  on  *he  drum  was 
flaked  off  along  a footpath  ar.d  back-fed 
thr  ugh  a 3 inch  glazed  duct  containing  9 
cables  for  10  metres  to  a right  angled  box. 
then  for  205  metres  passing  through  three 
intermediate  boxes  on  a slight  curve  and  an 
up  gradient  of  1 in  4o,  and  flaked  onto  a 
grass  plot,  T4-  was  then  pulled  35.5  metres 
under  Drury  Lane  'nrough  a 3 inch  glazed  duct 
containing  20  cables  into  Rediffusion  House. 

Tests  were  made  on  the  fibre  which  was 
proved  intact. 

Blackman  Avenue  is  a regular  bu:  route 
and  carries  a lot  of  private  tar  traffl  at 
peak  hours. 

Drury  Lane  carries  a fair  amount 
traffic,  including  lorries  and  pri.-ate 
going  to  various  par'  •:  of  th<  Tr.t  - - : , : 
Estate. 

All  other  roads  are  residential. 

the  cable  is  4 me*  re;  fl  •• 
the  kerb  in  Blackman  Avenue  and  2 me'  r,  5 : •••'• 
the  kerb  in  Drury  Lane. 


zst 


am 


TV*fc  m^TAlLflmou  OF  a 
6T>T>CAL  OOlfc  g>S  ^X>iFPu<;>0ts>  LTI> 
AT  MlSTii^S 


"Of?  un\ 

A 


80 


<fal>  ( ,'«£  ,.( 


^<rr  <e  sc«cf  . 


?5C 


WEATHERABILITY  OF  BLACK  POLYETHYLENE  - PREDICTABLE? 


By 

W.  F.  Jensen,  Jr,  and  J.  N.  Jones 

E.  I.  Du  Pont  De  Nemours  s.  Company 
Plastic  Products  and  Resins  Department 
Wilmington,  Delawar; 


Summary 

The  history  of  the  use  of  carbon 
blacks  to  provide  UV  stability  in  polyole- 
fin resins  is  reviewed.  The  two  methods 
of  judging  carbon  black  dispersion,  visual 
and  instrument  a 1 , are  traced  through  their 
development  to  methods  of  test  published 
by  ASTM. 

A comparison  of  these  two  tests 
is  made.  Data  is  presented  comparing  ac- 
tual wire  samples  weathered  16  years  out- 
doors to  the  dispersion  test  results. 

Recommendations  are  made  concern- 
ing dispersion  ratings  and  reouired  carbon 
content,  to  provide  adequate  outdoor  life 
for  black  polyethylene  cable  jackets. 


The  change  from  paper-lead  ex- 
change telephone  cables  to  polyethylene  in- 
sulated and  jacketed  cables  started  in  ear- 
nest the  years  immediately  following  World 
War  II.  In  the  very  early  stages  of  this 
development  it  was  recognized  that  poly- 
ethylene per  se  was  rapidly  changed  when 
exoosed  to  sunlight,  resulting  in  dropping 
elongation  values  until  crazing  and  crack- 
ing occurred.  Work  at  Bell  Telephone  Lab- 
oratories and  Western  Electric  (1)  showed 
that  the  incorporation  of  carbon  black  of 
the  proper  particle  size  in  the  polyethyl- 
ene matrix  would  effectively  screen  out 
ultraviolet  rays.  This  combination  would 
be  expected  to  be  able  to  maintain  adeauate 
physical  properties  to  do  its  job  for  20  or 
more  years. 

The  need  for  producing  a homogen- 
ous mixture  was  recognized  at  the  beginning 
If  a poor  mixture  existed,  it  was  possible 
'■  have  "windows"  in  the  material  that 
would  allow  penetration  of  the  UV  rays  and 
- brittle  areas  would  develop  leading  to 
ricking  and  loss  of  the  protective  jacket. 

The  need  to  provide  a rating  sys- 

• * e dispersion  of  ‘he  carbon  black 
r„  lyethylene  resulted  in  the  use  of 

il  microscone.  As  originally  de- 

• f . rhe  l’te  1940s,  the  test  in- 

• • • r a microscope  slide  containing 

of  material  which  had  been 

1 * * • w • .oe1  t.i  a thin  film.  The 

. I • t r t viewed  at  100X  and  vis- 

<•  ' r ■ criteria,  agglomerates, 

i j.-l  were  considered.  The 
• « * ; : m i*  -onpared  to  some  vig- 

'v  ' ■ ■=  and  a letter  value  of 


excellence  of  dispersion  resulted.  Later, 
we  will  elaborate  on  this  test. 

The  limitations  of  using  human 
judgments  were  well  known  and  a search  for 
an  instrumental  method  started  early.  Work 
during  the  1950s  led  by  ASTM  and  by  the 
Electronics  Command  (2)  did  produce  some 
test  methods  which  were  incorporated  in  some 
Federal  specifications  and  also  in  some 
IPCEA  standards.  Work  at  Battelle  Institute 
in  cooperation  with  industry  in  the  late 
1950s  (3)  revealed  such  wide  disagreement 
between  various  laboratories  that  the  in- 
strumental methods  were  generally  discred- 
ited. 

Work  continued  at  Bell  Labs,  how- 
ever, under  the  guidance  of  the  late  John 
Howard,  and  in  the  late  1960s  a revised 
method  was  proposed  which  has  now  been  gen- 
erally accepted.  Again,  we  will  elaborate 
on  this  test  later. 

Along  with  the  above  tests,  actual 
field  experience  was  being  generated  over 
the  past  30  years.  The  real  question  has 
been,  have  cables  made  from  material  rated 
acceptable  by  the  above  tests  actually  per- 
formed satisfactorily?  Have  we  been  overly 
critical  in  our  tests  and  have  we  been 
spending  more  money  for  dispersion  than 
necessary?  A partial  answer  lies  in  the 
fact  that  an  early  sample  of  a dual  conduc- 
tor rural  telephone  wire  hur.g  on  a pole  in 
Florida  for  20  years  was  still  capable  of 
being  tied  in  knots  without  crazing  or 
cracking  (4) . 

Now,  let's  go  back  and  review  in 
some  detail  the  two  most  widely  used  tests 
for  carbon  dispersion  quality.  First,  the 
optical  microscope  test. 

This  test  as  applied  to  black 
polyethylene  was  the  direct  result  of  Bell 
Labs  and  Western  Electric  Co.  specifica- 
tions. In  the  mid  to  late  1940s  producers 
of  polyethylene  were  working  very  closely 
with  these  people  in  the  development  of  a 
weatherable  compound  to  replace  the  lead 
jackets  then  in  use.  Since  these  were  to- 
tally new  compounds,  a new^set  of  test  pa- 
rameters were  required.  Early  researchers 
had  established  that  a well  dispersed  car- 
bon black  in  polyethylene  should  yield  a 
compound  which  would  give  many  years  of  out- 
door life.  The  use  of  visual  standards 
based  on  a microscopic  examination  was  es- 
tablished very  early. 
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In  the  beginning  it  was  relatively 
simple  for  the  seller  to  sit  down  with  the 
buyer  and  agree  on  a set  of  observational 
standards,  especially  since  at  this  time 
there  was  only  one  buyer  and  two  sellers. 

At  first  there  were  only  four  qrades  of  dis- 
persion, A,  B,  C,  and  D.  As  usually  happens, 
this  soon  expanded  into  a set  that  ran  from 
A+,  A,  A-  all  the  way  down  to  D.  The  orig- 
inal grading  of  C was  passing.  Later  this 
became  C-  and  that  is  still  the  lower  limit. 

Also  at  the  beginning  a general 
ratinq  of  overall  dispersion  «s  determined. 
This  changed  also  as  we  began  to  divide  the 
dispersion  into  three  categories,  agglomer- 
ates, background,  and  gel,  each  of  which  was 
given  a letter  rating. 

As  can  be  seen  from  the  foregoing 
discussion,  the  judgment  of  carbon  disper- 
sion was  a very  subjective  process.  Expe- 
rienced laboratory  technicians  were  vital  to 
the  resin  producers.  It  was  also  necessary 
to  have  a "judge"  available  to  adjudicate 
differences  of  opinion. 

With  this  background,  you  can  imag- 
ine the  difficulties  ASTM  faced  in  attempt- 
ing to  translate  this  kind  of  a test  into  a 
standard  procedure  for  use  in  many  labora- 
tories. Subcommittee  D20.40  struggled  with 
this  te3t  for  many  years.  What  finally  re- 
sulted was  a Standard  Recommended  Practice 
for  Microscopical  Examination  of  Pigment  Dis- 
persion in  Plastic  Compounds,  ASTM  D 3015-72. 
This  is  a general  procedure  for  the  study  of 
many  different  polymers  and  pigments.  It 
does  have  an  appendix,  however,  which  de- 
scribes the  specific  task  of  observing  the 
dispersion  of  carbon  black  in  low  density 
polyethylene.  Even  here  the  establishment 
of  proper  observational  standards  is  left  to 
agreement  between  the  buyer  and  seller. 

The  current  status  of  the  micro- 
scope test  is  as  follows:  The  only  industry 

specification  that  still  requires  its  use  is 
the  REA  PE-200  speci f i cation . However,  this 
specification  also  lists  the  new  instrumen- 
tal method  as  an  alternate.  Other  industry 
specifications  have  used  some  form  of  an  in- 
strumental method  (i.e.,  LP-390a,  IPCEA  S-61- 
402) , There  are  still  quite  a few  cable  com- 
panies that  use  the  microscope  test  in  their 
in-house  specifications.  However,  since  the 
method  is  so  subjective,  the  cable  companies 
really  have  to  rely  on  the  judgment  of  the 
resin  producer  to  deliver  them  a well  dis- 
persed black  resin. 

The  major  method  now  in  use  for 
specifying  carbon  dispersion  is  the  one  de- 
veloped by  John  Howard,  Harold  Gilroy  and 
Associates  of  Bell  Labs.  This  method  cul- 
minated many  years  of  trials  by  many  differ- 
ent researchers.  It  came  into  official  use 
in  1969  and  was  proposed  as  an  ASTM  method 
in  1970.  That  same  year  John  Howard  pre- 
sented a paper  at  the  Wire  and  Cable  Sympo- 
sium (5)  describing  the  test  procedure. 

The  test  method  was  studied  by  a 
task  group  of  members  of  ASTM  Committee  D 20. 
12.03.  The  group  consisted  of  15  members 


representing  13  companies  or  laboratories. 

The  evaluation  consisted  of  two  round  robin 
tests . 

The  first  was  designed  by  John 
Howard  to  permit  us  to  compare  the  ability 
of  various  makes  of  spectrometers  to  measure 
the  absorbance  of  a specially  mounted  test 
film  of  black  low  density  polyethylene.  Two 
reference  materials,  an  optical  filter  made 
by  Kodak  and  a film  of  black  polyethylene, 
were  mounted  in  fixed  holders.  Both  of 
these  samples  had  absorbance  values  of  ap- 
proximately one.  A test  sample  film  of  black 
polyethylene  containing  about  2.5%  carbon 
black  was  also  mounted  in  a fixed  holder. 

The  above  work  was  done  at  Bell  Labs  and 
these  samples  were  measured  on  their  instru- 
ment, a Beckman  Model  B.  This  original  data 
is  shown  in  Table  I. 

These  three  samples  were  passed 
between  the  participating  laboratories. 

Each  lab  measured  the  absorbance  of  the  test 
film  in  relation  to  each  reference  material. 
This  data  is  shown  in  Table  II.  A prelim- 
inary study  of  the  data  indicated  that  dif- 
ferent instruments  gave  slightly  different 
levels  of  absorbance.  The  data  was  then 
sorted  out  by  instrument  and  showed  the  re- 
sults presented  in  Tables  III  and  IV. 

The  results  of  the  above  work  in- 
dicated that  the  various  instruments  give 
very  reproducible  values  when  measuring  the 
same  samples.  This  points  up  the  fact  that 
when  a buyer  and  seller  are  judging  a prod- 
uct they  should  both  be  using  the  same  type 
of  instrument.  It  is  also  possible  that  by 
multiple  analyses  of  similar  samples  dif- 
ferent instruments  could  be  used  to  develop 
a correction  factor.  This  could  be  used  to 
report  data  on  the  same  basis. 

The  most  widely  used  instrument 
has  been  the  Beckman  Model  B.  This  instru- 
ment also  gives  the  lowest  measured  value  of 
absorbance  for  those  instruments  studied. 
Since  it  is  widely  available,  it  has  been 
used  to  establish  numerical  values  for  spe- 
cification purposes. 

The  second  round  robin  run  by  our 
task  group  consisted  of  performing  the  com- 
plete test  startinq  with  a uniform  milled 
and  molded  plaque  of  a typical  black  resin. 
Each  lab  prepared  their  own  films,  mounted 
them  in  a holder,  measured  the  absorbance, 
determined  the  thickness  using  the  density 
and  the  weight  of  the  film,  and  calculated 
the  absorption  coef f ici ent  according  to  the 
following  formula.- 

a = absorption  coefficient 

a = -3  (2.303  x avq.  absorbance  value) 

10  ( t ) 

a = mi  Hi (absorbance/metre) 


Where  t(thickness)  = W (meters) 
D x A 

W = weight,  g. 
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D = density,  g./m^ 
A = area,  m^ 


The  results  of  the  second  round 
robin  are  shown  in  Table  V.  Those  of  you 
familiar  with  the  test  will  note  that  ASTM 
is  reporting  data  to  three  significant  fig- 
ures, whereas  all  previous  data  has  been  re- 
ported to  four.  It  was  our  considered  judg- 
ment that  the  experimental  results  showed 
that  the  precision  of  the  test  only  warrant- 
ed such  values. 

As  you  can  see  from  Table  V,  the 
test  is  guite  precise  and  is  truly  a great 
improvement  over  some  of  the  early  round 
robin  work.  However,  a word  of  caution  is 
appropriate  here.  The  ASTM  work  was  only 
with  black  low  density  polyethylene.  Ex- 
trapolating this  data  to  other  polyolefins 
or  polymers  may  or  may  not  be  justified. 

This  test  method  has  now  been  carried 
•-hrough  the  ASTM  approval  system  and  it  ap- 
pears in  the  1976  Book  36  as  D-3349-74. 

Now  let ' s take  a look  at  how  these 
test  methods  may  relate  to  actual  polymers 
that  have  been  tested  in  weatherometers  and 
in  outdoor  exposures. 

First,  we  would  like  to  show  you 
some  routine  duality  control  data  from  our 
production  unit  in  which  we  are  measuring 
carbon  content,  absorption  coefficient,  and 
microscopic  dispersion;  Table  VI.  You  will 
note  that  in  the  microscopic  rating  we  re- 
port three  items  (5-N-l).  The  first  and 
third  are  numerical  conversions  of  the  let- 
ter rating  - 5 is  a B and  1 is  an  A+.  The 
second  stands  for  N equals  normal.  The 
three  parameters  reported  are  agglomerates, 
background  and  gel.  Since  it  has  always 

been  difficult  to  agree  on  shades  of  differ- 
ences in  the  background  rating,  we  call  it 
either  normal  or  abnormal.  Therefore,  the 
example  cited  above  is  rated: 

Agglomerates  - 5 (B) 

Background  N (Normal) 

Gel  1 (A+) 


The  data  in  Table  VI  shows  no  dis- 
tinct trends  relating  carbon  content  to 
either  dispersion  rating.  It  does,  however, 
point  out  one  important  fact.  Within  the 
variation  existing  during  this  particular 
production  run,  the  microscopic  ratings  were 
consistently  uniform  4N2  or  5N2 , whereas 
the  instrumental  numbers  varied  from  4096  to 
4852.  Since  a 9 (C-)  is  considered  passing 
in  one  test  and  a 4000  in  the  other,  it  ap- 
pears we  have  greatly  tightened  our  limits 
when  we  switched  to  the  instrumental  test. 

Let  us  now  take  a look  at  some  ac- 
tual weathering  data  that  we  have  developed 
ovei  the  past  17  years  and  compare  it  to 
the  dispersion  tests.  Back  in  1958,  we  de- 
cided it  would  be  advantageous  to  obtain 
some  long  term  weathering  data  on  actual  in- 


sulated wire  samples  that  were  exposed  in  a 
severe,  outdoor  location.  A series  of  com- 
pounds, Table  VII,  were  extruded  as  a 30  mil 
coating  on  #14  AWG  copper  wire.  At  the  Des- 
ert Sunshine  Exposures  Tests,  Inc.  site  out- 
side of  Phoenix,  Arizona,  these  wire  samples 
were  hung  on  pole  crossarms  spaced  40  ft. 
apart  and  oriented  in  a north-south  direc- 
tion. Periodically  over  the  years  we  have 
had  exposed  lengths  of  each  sample  returned 
to  our  Chestnut  Run,  Delaware  laboratories 
for  test.ng.  The  last  set  of  samples  rep- 
resented 16  years  of  exposure.  Data  on 
these  wire  samples  as  deVeloped  over  the 
past  16  years  are  shown  in  Table  VIII  and 
Figures  1,  2,  and  3.  The  resins  evaluated 
are  as  follows: 

Alathon  4,  BK-20  is  an  early  ver- 
sion of  the  typical  high  molecular  weight 
black  jacketing  resin  for  cab  s that  is 
still  used.  Alathon"  5,  BK-22  is  a medium 
molecular  weight  resin  with  the  same  carbon 
black  system  as  A-4 , BK-20.  The  Alathon"  5, 
BN-07  is  an  early  version  of  a brown  pig- 
mented TV  wire  compound.  The  Rulan  2,  BK-48 
was  a flame  retardant  polyethylene  with  car- 
bon black  added  to  give  it  weatherabi lity. 
The  carbon  black  used  in  all  compounds  was 
a channel  black  with  a 20  ntti  average  part- 
icle size. 

As  shown  in  Figures  1 and  2,  the 
A-4,  BK-20  and  A-5,  BK-22  have  survived  the 
16  years  in  great  shape.  The  LTB  data  for 
the  16-year  sample  may  be  the  start  of  a 
downward  trend,  but  with  the  test  variabil- 
ity present,  this  drop  may  not  be  signifi- 
cant. We  will  know  more  when  the  20-year 
samples  are  tested. 

The  A-5,  BN-07  shows  that  pig- 
mentation alone  is  not  very  effective  in 
giving  weathering  protection. 

The  Rulan"  sample  points  out  that 
carbon  black  does  not  always  assure  long 
life.  The  complete  resin  system  must  be 
considered.  In  this  case,  the  presence  of 
large  amounts  of  additives  for  flame  re- 
tardancy  has  changed  the  simple  relation 
between  polyethylene,  carbon  black,  and 
weatherabi lity. 

Figure  3 shows  that  the  insulating 
properties  of  all  these  compounds  are  still 
adequate  after  long  exposure  as  long  as  the 
insulation  layer  is  not  physically  cracked. 

Reviewing  the  data  in  Table  VII 
on  carbon  dispersion  for  A-4,  BK-20  and 
A-5,  BK-22,  it  appears  that  even  though  the 
absorptivity  coefficients  are  well  below 
the  current  limit  of  4000  established  in 
REA  PE-200,  the  actual  field  performance  is 
excellent.  This  further  substantiates  our 
belief  that  we  have  tightened  our  specifi- 
cations in  changing  from  the  microscope  to 
the  spectrometer.  We  feel  a more  realistic 
value  would  be  3200  minimum  or,  expressed 
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in  terms  of  the  ASTM  test,  320  min.  This 
value  already  appears  in  the  ANSI  specifi- 
cation C8. 35-1971;  "Specification  for 
Weatherproof  Wire". 

One  other  point  is  evident  in 
Table  VII.  The  actual  carbon  content  of 
the  two  good  samples  was  2.0  percent.  If 
in  the  future  the  cost  of  carbon  black  ex- 
ceeds that  of  polyethylene,  we  may  want  to 
decrease  the  carbon  level  in  weatherable 
resins.  It  appears  that  dropping  the  goal 
from  2.6%  to  2.0%  will  be  perfectly  safe. 
This  change  would  be  further  supported  by 
the  famous  Bell  Labs  dropwire  previously 
mentioned  which  had  only  1%  carbon. 

One  final  set  of  data  shows  a 
comparison  of  weatherometer  and  outdoor  ex- 
posure data.  This  data  is  detailed  in 
Tables  IX,  X,  and  XI.  The  black  resin  is 
described  in  Table  IX.  Figures  4 and  5 
show  plots  of  LTB  and  elongation  as  a func- 
tion of  time.  We  have  placed  the  weather- 
ometer data  and  outdoor  exposure  data  on 
the  same  graph,  but  this  does  not  imply 
that  we  feel  that  this  correlation  exists. 

It  is  only  plotted  this  way  for  convenience 
sake. 

These  graphs  show  a comparison 
between  weatherometer  data  on  molded 
plaques  and  wire  samples  along  with  out- 
door exposure  data  on  the  same  wire  sam- 
ples. After  10  years  of  outdoor  exposure, 
we  have  seen  only  slight  change  in  proper- 
ties of  the  wire  sample.  The  weatherometer 
data  shows  a long  term  drift  downward  in 
LTB  for  both  samples,  whereas,  the  elong- 
ation data  is  unchanged. 

Perhaps  the  only  conclusion  that 
can  be  drawn  from  this  data  is  that  the 
black  low  density  polyethylene  jacket  resins 
are  so  good  that  10,000  hours  in  a weather- 
ometer or  10  years  outdoors  cannot  detect 
a significant  change  in  properties. 

Conclusions 

1.  The  microscopic  test  for  carbon  dis- 
persion has  been  largely  supplanted  in 
speci f ications  by  an  instrumental  meth- 
od. However,  for  trained  operators,  it 
still  yields  valuable  information  for 
quality  control  during  the  compounding 
operation. 

2.  The  instrumental  dispersion  test,  ASTM- 
3349-74,  is  quite  reproducible  and  pre- 
cise. The  physical  dimensions  of  the 
different  spectrometers  do  show  evidence 
of  machine  bias. 

Results  of  long  term  outdoor  weathering 
experiments  indicate  that  our  current 
compounds  are  overdesigned. 

4.  rt  is  recommended  that  the  minimum  val- 
ue for  carbon  absorptivity  coefficients 
be  set  at  320.  This  value  is  quite 
realisti-  to  insure  adequate  service 
li  f e. 
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TABLE  i 


Absorbance  of  Kodak  Standard  A=  1.056 
Absorbance  of  PE  Standard  No.  1=  1.300 
Absorbance  values  for  Test  Film  at  375  ran: 
Beckman  Model  B 


Position 

Using 

Using 

Number 

Kodak  Std . 

PE  Std. 

1 

2.205 

2.210 

2 

2.250 

2.276 

3 

2.306 

2.294 

Avg.  2.254 

2.260 

760 


&3TM-P  20.12,0) 

ROUND  RODIN  DATA  - CARBON  ADSOUH I V1TY  OF  PE 


ABSORPTIVITY  OF  AVG . OF  SAMPLE  USING  PHOTOMETER 

LABORATORY  KODAK  STD.  PE  STD.  KODAK  STD.  PE  STD.  US  CD 


Ball  1 
Du  Pont  1 
Du  Pont  2 
Phillips 
Dow 

Allied 

UCC 

Piet.  Ars. 
Eastman 

US  I 1 
US  I 2 
N.  Elect. 
Bell  2 
Hercules  1 
Hercules  2 
Du  Pont  3 


1.056 

1.054 
1.056 
1.233 
1.056 
1.258 
1.030 
1.250 
1.218 

1.055 
1.05 
1.21 
1.061 
1.0  70 
1.222 
1.253 


1.300 

1.322 

1.320 

1.426 

1.345 

1.485 

1 . 350 

1.440 

1.498 

1.350 

1.34 

1.44 

1.310 

1.350 

1.455 

1.502 


2.254 

2.245 

2.245 

2.311 

2.245 

2.375 

2.280 

2.2  76 

2.366 

2.222 

2.212 

2.35 

2.243 

2.274 

2.373 

2.402 


2.260 

2.254 

2.244 

2.327 

2.246 

2.402 

2.286 

2.316 

2.381 


2.37 

2.239 

2.440 

2.414 


ASTM  D 20 . 12.03 
; 

ROUND  ROBIN  - CAR DON  ABSORPTIVI TY  OP  PE 
ANALYSIS  OF  DATA  USING  BECKMAN  MODEL  PK2A  ONLY 


Beckman 
Beckman 
Beckman 

Car-/ 

Beckman 
Beckman 
Beckman 
Beckman 
Beckman 
Beckman 
Beckman 
Unicaa 
Beckman  - B 
Beckman  - B 
Beckman  - DK2A 
Beckman  - DK2A 


- DK2A 


DKlA 

DK2A 


- B 


LABORATORY 

Allied 
Eastman 
Hercules 
Du  Pont 

AVERAGE 

SIGMA 


ABSORPTIVITY  OF 
KODAK  STD.  PE  STD. 


AVG.  OP  SAMPLE  USING 
KODAK  STD 


1.258 

1.218 

1.222 

1.253 


1.238 

0.021 


1.485 

1.498 

1.455 

1.502 


2.375 

2.366 

2.373 

2.402 


2.402 

2.381 

2.414 


PHOTOMETER 
USED 

Beckman  DK 
for 
all 

aamplea. 


Pressed  film  of  polyethylene  containing  approximately 
2.65%  of  a furnace  black  of  20  nm  average  particle  size.  Film 
was  mounted  ir.  a holder  and  tested  by  each  laboratory  without 
removing  the  film  from  the  hoide: . 


TABLE  III 


ASTM  D 20.12.03 

ROUND  ROBIN  - CARBON  ABSORPTIVITY  OF  PE 
ANALYSIS  OF  DATA  USING  BECKMAN  MODEL  B ONLY 


LABORATORY 

ABSORPTIVITY  OF 
KODAK  STD.  PE  STD. 

AVG.  OF  SAMPLE  USING 
KODAK  STD.  PE  STD. 

PHOTOMETI 

USED 

Bell  1 

1.056 

1.300 

2.254 

2.260 

Beckman  I 

Du  Pont  1 

1.054 

1.322 

2.245 

2.254 

for 

Du  Pont  2 

1.056 

1.320 

2.245 

2.244 

all 

Dow 

1.056 

1.345 

2.245 

2.246 

samples , 

UCC 

1.030 

1.350 

2.280 

2.286 

US  I 1 

1.055 

1.350 

2.222 



USI  2 

1.050 

1.340 

2.212 

_ 

Bell  2 

1.061 

1.310 

2.243 

2.239 

Hercules  1 

1.070 

1.350 

2.240 

— 

AVERAGE 

1.054 

1.332 

2.243 

2.255 

SIGMA 

0.011 

0.019 

0.019 

0.017 

ASTM  D 2 0.12.03 

ROUND  ROBIN  - CARBON  ABSORPTIVITY  COEFFICIENT 
CARBON  BLACK  PIGMENTED  CTI [Y L r NE  PIASTIC 
PS INC  KODAK  A STANDARD 
AS  REFERENCE 


LABORATORY 

Du  Pont 
Bell 
OS  I 
Dow 
UCC 

AVERAGE 

SIGMA 


ABSORPTIVITY  COEFFICIENT 
MILLI  (ABSORBANCE/MTTER) 

4 30 
444 
440 
456 
467 


vnyl  acetate  copolymer 


Base  polymer  - ethylene 
Carbon  content  - 2.65% 

Carbon  type  - furnace  black,  20  nm  avg.  size 
Compound  melt  index  - 0.4 
Compound  density  - 0.934 


Sample  was  prepared  by  milling  and  compression  molding 
pellets.  Molded  sheet  was  cut  into  one  inch  squares  which  made 
up  the  tent  samples.  Each  laboratory  pressed  their  own  teat 
films  and  measured  same. 
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TABLE  VI 


r 


T**kS 

JC  Mil  Coatings  on  #14  AWG  Solid  Coppar  Mira 


Dlapersion  Ratings 


Carbon 

Microscope 

Absorption 

In  Arlcona 

2.45 

4 

N 

2 

4042 

Rea  la 

Coda 

Property 

On  It 

initial 

1 

2 

5 

8 

12 

16 

2.47 

4 

N 

2 

4652 

Alathon* 

Elongation 

% 

320 

460 

500 

560 

540 

510 

475 

4535 

4 -ax- 20 

Wl 

°C 

-70 

-72 

-80 

-82 

-55 

2.53 

4 

N 

2 

Dial.  Strength 

r/m 

740 

970 

810 

850 

950 

830 

2.66 

4 

N 

2 

4312 

* 

S-Bk-22 

Elongation 

% 

480 

560 

510 

480 

470 

480 

480 

2.53 

5 

N 

3 

4152 

ITS 

°C 

-63 

-64 

-60 

-60 

-65 

-96 

45 

2.58 

5 

N 

1 

4354 

Dial.  Strength 

*/» 

740 

960 

970 

eso 

640 

990 

740 

2.61 

4 

N 

2 

4852 

5 -SB-07 

Elongation 

% 

330 

59 

60 

40 

10 

20 

IS 

2.47 

4 

N 

2 

4307 

LT» 

°c 

-80 

-28 

<-30 

<-30 

<30 

23 

" 

Dial.  Strangrth 

w/a 

470 

— 

640 

610 

550 

560 

500 

2.57 

5 

N 

2 

4328 

Rular^ 

Elongation 

% 

230 

80 

50 







2.68 

4 

N 

2 

4271 

2-8K-48 

LTB 

°c 

<-30 

<-« 

<-30 

— 

— 

— 

2.72 

5 

K 

2 

4170 

Dial.  Strength 

r/» 

800 

830 

820 

990 

860 

810 

780 

2.66 

5 

N 

2 

4539 

2.76 

4 

S 

2 

4529 

MOTE:  LTB  la  low  taaparature  brlttlanaaa  valua  for  50% 

failure 

2.60 

4 

N 

2 

4096 

point  par 

ASTM 

D-746. 

2.65 

4 

n 

2 

4697 

2.45 

4 

s 

2 

4152 

Low  Density,  high  molecular  weight,  black  polyethylene. 


TABLB  VII 


Compound 

Code 

Mlt 
Malt  Index 

Jgfaln 

Denagity 

Carbon 
Content -% 

2.0 

Dlapersion  Rating 
Micro.  Aba.  Coaf . 

A-4.BE-20 

0.23 

0.92 

B- 

3660 

A-3,8*-22 

1.2 

0.92 

2.0 

C 

2912 

A-5,BM-07<2J 

1.2 

0.92 

0.0 

BA<*> 

BA 

B-2,BK-48(4> 

1.2 

0.92 

2.0 

■A 

BA 

A- lOOO.BK- 30 

0.23 

0.92 

2.S 

BA 

BA 

(1)  Absorption  coaff lciant  by  tha  waatarn  Elactric  taat  nethod. 

(2)  Oontalna  brown  pigment  (Iron  oxide)  — TV  wire  type. 

(3)  BA  - not  mlUMt. 

(4)  X-J  in  Rulan*  flame  retardant  compound. 


Yaara 
Expo aura 


2 

5 

10 


WIRE  COATINGS  EXPOSED  IN  ARIZONA 
Alathon  1000. BK- 30 
30  Mila  on  #14  AWG  Copper 


Tansila 
Strength,  pal 

2360 

2150 

2200 

2270 

2200 


elongation 

330 

530 

330 

450 

310 


3 0%  LT 8(1) 
°C 


-*»3 

-60 

-67 


A-1000.BK-30  - 0.26  Malt  index,  low  denalty,  with  a carbon  dlapereion 
rating  (Microscope'  of  A and  a carbon  content  of  2.6%. 


MOTE i (1) i 30%  LTB  °C  naana  tha  temperature  at  which  50%  of  tha  apacl 
mana  break  using  ASTM  D-746. 
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LTB  *C 


ELONGATION  vs.  WEATHERING 


WIRE  COATINGS  EXIOSED  IN  ATI-A.'i  WEATHKftOMgTKH 
Alathon  1000.BK-30 
30  Mila  on  #14  AWC  Copper 


Tenal 1 • 
Strerwt h.  pal 


600r 

500  - t 

,(  400  - 

2 300  - 
►— 

< 4 

O l 

E 200  - ; 


4BK20 

■ 5BK22 

• 5BN07 

—*  RULAN*2BK 48 


ALATHON  1000 . BK-30 


DIELECTRIC  STRENGTH  v*.  WEATHERING 


Exposure 

Tanaila 
Strength,  pai 

Elonqation , % 

50*  LTB 

°c 

i. 

X 

»— 

o 

1200 

1000 

800 

Initial 

2360 

530 

-96 

Li 

ex. 

>- 

lO 

600 

2000 

2080 

540 

-106 

o 

3000 

1820 

510 

-79 

s 

►— 

400 

5000 

1800 

470 

-58 

o 

LJ 

_J 

10000 





-50 

LJ 

O 

200 

• 4 BK  20 
> 5BK22 

• 5 BN  07 

a RULAN*  2BK48 


LTB  vs  WEATHERING 


80  j 




z 

Li 

-J 

i 

h- 

►- 

- 4BK20 

OC 

CO 

CL 

2 

■*  5BK22 

LJ 

h- 

5 BN  07 

* 

» RULAN*2BK  48 

-J 

-100 
-90  - 
-80  - 
-70  - 

-60  - A 

-50  - 
-40  - 
-30  i 


-TUBW-!. 

A 1000  BK  30  - PE  2867 


— x PLAQUE  W0 
— O WIRE  COATING  W0 
—4  WIRE  COATING  ARIZONA 


J * . 3 6 7 8 

HOURS  « O’  IN  WEATHEROMETER 
I I 

KJ  15 

YEARS  IN  ARIZONA 
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ELONGATION  , 


1 


mwi  ) 

A 1000  BK  30  - PE  2867 


j 1 1 1 — j 

15  10  15  20 

YEARS  IN  ARIZONA 
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DSC  RESPONSE 


PREDICTION  OF  POLYETHYLENE  AGING  BY 
ISOTHERMAL  DSC  


By 

Daniel  L.  Davidson 
Union  Carbide  Corporation 
Bound  Brook,  New  Jersey  08805 


SUMMARY 


Empirical  correlations  have  been  esta- 
blished between  isothermal  differential  scan- 
ning calorimetry  (DSC)  and  accelerated  heat 
aging  tests  in  crosslinked  low  density  poly- 
ethylene. For  the  first  time,  relationships 
are  available  which  allow  prediction  of  the 
effectiveness  of  antioxidant  systems  in  poly- 
ethylene for  practical  heat  aging  tests  by 
merely  running  an  isothermal  DSC  experiment. 
The  time  saved  is  considerable  since  the  DSC 
measurement  takes  only  minutes  whereas  heat 
aging  experiments  require  several  days. 

The  method  could  be  very  useful  as  a 
quality  control  test  for  estimating  the  per- 
formance of  vulcanizable  polyethylene. 

The  empirical  relationships  determined 
and  conclusions  are  discussed  in  detail. 

INTRODUCTION 

In  the  course  of  investigating  poten- 
tially new  antioxidants  for  vulcanizable 
polyethylene,  isothermal  oxidative  stability 
studies  at  high  temperature  were  conducted 
using  differential  scanning  calorimetry 
(DSC).  Although  initially  it  was  felt  that 
useful  information  could  easily  be  obtained 
by  this  technique,  unusual  thermal  response 
of  polyethylenes  containing  some  thiophos- 
phite  antioxidants  was  found  to  complicate 
analysis . 

Accelerated  heat  aging  (air  oven)  tests 
are  routinely  used  as  quality  control  and 
specification  tests  for  plastics  throughout 


the  industry,  but  little  is  known  about  these 
in  relation  to  DSC  parameters.  In  the  past, 
DSC  has  been  used  to  show  antioxidant  effec- 
tiveness when  relatively  comparing  plastics 
formulations,  without  regard  for  relation- 
ships which  may  routinely  predict  aging  per- 
formance from  DSC  measurements.  As  the  fol- 
lowing discussion  will  show,  it  is  believed 
that  empirical  correlations  have  been  devel- 
oped to  allow  one  to  practically  predict  long 
term  oven  aging  behavior  from  DSC  measure- 
ments . In  order  to  more  fully  interpret  these 
results  in  relation  to  the  ability  of  the  com- 
pound to  withstand  thermal  aging,  this  report 
covers  detailed  findings  of  this  research. 

EXPERIMENTAL 

The  following  antioxidants  were  used  in 
this  study;  TP-93,  CDP-1012,  and  618  (thio- 
phosphites  from  Borg-Warner,  Weston  Chemical 
Div.);  Santonox  R (hindered  phenol  from  Mon- 
santo Chemical) ; Irganox  1035  (hydroxycinna- 
mate  from  Ciba-Geigy) ; and  distearyl  thiodi- 
propionate  (DSTDP  from  Evans  Chemetrics,  Inc.). 
Crosslinking  agent  was  dicumyl  peroxide,  Di- 
Cup  R,  from  Hercules,  Inc.  The  polyethylene 
used  was  low  density  polyethylene  of  ^2.0 
melt  index  (dg/min,  ASTM  D-1248),  and  density 
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of  0.919  g/cm^ . About  0.5%  by  weight  of  each 
antioxidant  system  and  2.1  weight  % DiCup  was 
compounded  into  the  polyethylene  using  a Ban- 
bury intensive  mixer  at  110°C.  Polymer  flux 
was  attained  in  three  minutes  after  charging 
to  the  Banbury,  after  which  the  antioxidant 
and  DiCup  were  added,  and  mixing  was  contin- 
ued for  another  three  minutes.  The  polymer 
was  dumpt  sheeted  on  a two  roll  mill,  and 
granulateu  for  further  evaluation. 

Aged  physical  properties  were  determined 
on  75  mil  cured  plaques  prepared  in  an  Elmes 
press  at  180°C.  Tensile  strength,  yield 
strength,  and  elongation  were  determined  on 
original  specimens  and  samples  aged  at  121, 
136,  150  and  170°C  for  one  week  in  an  air 
oven . 

Isothermal  oxidation  behavior  was  eval- 
uated using  cured  10  mil  films  and  a DuPont 
990  Thermal  Analyzer  with  cell  base  operated 
in  the  DSC  mode.  Oxidation  in  a pure  oxy- 
gen atmosphere  (flow  rate  100  cm^/min)  on 
copper  pans  was  followed  at  150,  170,  180, 
190,  200  and  210°C.  Detailed  analysis  of 
the  thermograms  is  described  in  the  follow- 
ing discussion. 

RESULTS  AND  DISCUSSION 

Isothermal  DSC  is  both  a rapid  and  accu- 
rate method  of  determining  differences  in  the 
ability  of  antioxidants  to  stabilize  poly- 
ethylene against  oxidative  degradation.  Ex- 
perimentally, the  sample  is  held  at  constant 
temperature  under  a controlled  flow  of  oxy- 
gen, and  the  auto-oxidation  response  of  the 
polyethylene  is  recorded  by  differential 
calorimetry.  A typical  thermogram  is  shown 
in  Figure  1,  which  illustrates  that  low  den- 
sity polyethylene  with  an  efficient  antioxi- 
dant system  substantially  increases  the  time 
for  initiation  of  oxidation. 

Important  kinetic  information  may  be  ob- 
tained from  the  isothermogram,  and  Figure  2 
illustrates  the  terms  used  throughout  this 
discussion.  t^  is  the  induction  time,  or  the 
time  from  first  exposure  to  oxygen  to  initial 
rise  in  DSC  response.  The  DSC  response  di- 
rectly measures  the  change  in  rate  of  oxida- 
tion with  time,  or  the  second  derivative  of 
rate.  The  area  under  the  DSC  curve  is  a 
measure  of  the  total  heat  evolved,  Hn.  The 
rate  continually  increases  to  a maximum,  then 
decreases,  and  at  the  maximum  rate  there  is 
no  change  in  rate  with  time. 

Conventional  hindered  phenolic  antioxi- 
dants alone  or  in  combination  with  synergists 
in  polyethylene  may  be  conveniently  evaluated 
by  DSC  using  induction  time,  t^.  Thus  a 
"better"  antioxidant  system  (relatively) 
should  exhibit  a longer  t^,  and  probably  a 
much  less  steep  slope  on  the  DSC  scan  at  a 
particular  temperature  (see  Figure  1) . This 
classical  approach  and  interpretation  has 
been  taken  by  several  authors,  1-5  who  have 
qualitatively  asserted  that  a measure  of 
antioxidant  effectiveness  in  polyolefins  is 
kinetically  related  by  studying  the  time  to 
initiation  of  oxidation  in  a DSC,  DTA  or  TGA 
apparatus . 


In  the  course  of  investigating  three 
thiophosphites  as  potential  polyethylene  anti- 
oxidants, unusual  DSC  responses  were  observed 
which  did  not  correlate  well  with  the  antioxi- 
dant "goodness"  by  relative  DSC  when  compared 
to  thermally  aged  physical  properties.  In 
order  to  understand  the  "real"  meaning  of  DSC 
oxidation  measurements,  the  following  discus- 
sion will  treat  each  separate  parameter  of 
the  DSC  in  an  effort  at  correlation  with  heat 
aged  physical  properties. 

A.  Analysis  of  the  DSC  Thermogram 

Figure  3 shows  a comparison  of  the  DSC 
oxidation  behavior  of  the  Irganox  1035/DSTDP 
and  Weston  TP-93  systems  at  190°C  in  cross- 
linked  polyethylene.  It  is  clear  that  the 
thiophosphite  TP-93  exhibits  unusual  induc- 
tion time  behavior,  as  there  is  An  immediate 
rise  in  the  DSC  which  is  not  observed  for  the 
conventional  system.  This  behavior  was  ob- 
served at  all  temperatures  studied  for  all  the 
phosphite  antioxidants.  The  induction  times 
in  these  cases  were  therefore  taken  as  the 
intersection  of  the  tangents  drawn  for  the 
second  sharp  transition,  as  shown  in  Figure  3. 

Foster6  has  proposed  that  the  increase 
in  oxidation  rate  to  the  maximum  represents 
oxidation  which  is  product  dependent  (auto- 
catalytic)  , and  that  after  the  maximum  the 
decreasing  rate  is  reactant  dependent.  This 
may  represent  a pathway  in  which  the  polyeth- 
ylene is  initially  experiencing  degradative 
crosslinking  up  to  the  maximum  in  the  DSC 
curve,  after  which  a decrease  in  oxidation 
rate  is  observed  due  to  inaccessability  of 
unreacted  polyethylene  for  further  reaction 
and/or  exhaustion  of  reactants.  The  question 
thus  arises  as  to  what  part  of  the  DSC  thermo- 
gram is  most  related  to  drastic  differences  in 
physical  heat  aged  properties.  The  illus- 
trated parameters  in  Figure  3 are  designed  to 
determine  this  point.  Induction  time  would 
measure  the  susceptibility  of  a particular 
compound  toward  initiation  of  oxidation.  A 
point  arbitrarily  chosen  for  the  most  linear 
change  in  rate  in  the  curves  was  70%  of  the 
maximum  rate,  and  also  the  time  to  achieve 
that  stage  of  oxidation,  as  shown  in  Figure  3. 
Likewise,  the  maximum  in  rate  and  elapsed  time 
may  be  important,  as  illustrated  in  Figure  3. 
The  following  sections  attempt  to  interpret 
these  parameters  in  relation  to  the  ability 
of  the  compound  to  withstand  thermal  heat 
aging . 

B . DSC  Time  Parameters 

Table  I illustrates  time  data  extracted 
from  DSC  curves  run  at  several  temperatures, 
and  includes  values  for  retention  of  aged 
physical  properties  after  one  week  at  the 
temperatures  indicated.  Unfortunately,  the 
DSC  and  physical  data  at  150°C  do  not  corre- 
late in  any  way,  as  there  is  considerable 
scatter.  It  is  also  impossible  to  use  the 
physical  property  data  at  170°C  because  of 
extremely  low  retention  and  small  differences 
in  the  samples. 


Figure  3 


Table  I 

Comparison  of  DSC  Time  and  Aged  Physical  Property  Data 
for  a Series  of  Antioxidants  in  Crosslinked  LDPE 


Irganox  1035 


Quantity  Measured 

DSTDP 

TP-93 

CDP-1012 

618 

Santonox 

Induction  Time,  min  ( t ^ ) 

42 

47 

68 

3 

- 

Time  to  0.7R,  min 

455 

800 

210 

89 

- 

150°C 

Time  to  R,  min  (tR) 

585 

890 

390 

177 

- 

Tensile  Strength  Retention, 

% (r) 

76 

54 

44 

33 

84 

Elongation  Retention,  % 

91 

79 

57 

13 

95 

Induction  Time,  min  (t^) 

42.5 

38 

21.5 

0 

17.5 

Time  to  0.7R,  min 

101 

56 

38.4 

13.5 

80 

170°C 

Time  to  R,  min  (tR) 

122.5 

77 

55 

34 

139 

Tensile  Strength  Retention, 

% (r) 

33 

45 

- 

30 

36 

Elongation  Retention,  % 

7 

25 

- 

5 

10 

Induction  Time,  min  { t^) 

21 

15 

8.4 

0 

10 

180°C 

Time  to  0.7R,  min 

46.5 

22 

12.1 

4.9 

68 

Time  to  R,  min  (tR) 

58 

30 

18.8 

16.2 

112 

Induction  Time,  min  (t^) 

9.5 

8.0 

0 

0 

1.40 

190°C 

Time  to  0.7R,  min 

22.8 

11.5 

6 

4.8 

19 

Time  to  R,  min  (t„) 

28 

15.2 

9.2 

9.0 

26.8 

267 


I 


Therefore  the  only  meaningful  combination 
of  data  seems  to  be  physical  property  reten- 
tion at  150°C  with  DSC  at  higher  temperatures. 
A detailed  computer  analysis  of  data  in  Table 
I was  conducted,  and  revealed  only  a linear 
correlation  between  the  time  to  maximum  rate 
(tR)  for  170°C  DSC  and  retention  of  tensile 
strength  (r)  at  150°C,  which  is  plotted  in 
Figure  4.  It  is  surprising  that  a correla- 
tion exists  between  the  DSC  and  heat  aging 
for  the  phosphite  and  hindered  phenolic  anti- 
oxidants, especially  for  two  different  test 
temperatures.  Apparently  the  effectiveness 
of  a particular  antioxidant  system  (regard- 
less of  kind)  is  related  to  a kinetic  phenom- 
enon (time  dependence)  on  which  retention  of 
heat  aged  physical  properties  depends.  There- 
fore the  DSC  reveals  practical  antioxidant 
effectiveness  from  the  elapsed  time  to  maxi- 
mum rate  of  oxidation  at  170°C,  which  is  des- 
scribed  by  a least  squares  fit  of  the  data  to 

r = 16.94  + 0 . 482  tR  (1) 

where  r = % retention  tensile  strength  at 
150°C,  and  tR  = time  to  maximum  rate  of  oxi- 
dation at  170°C  on  the  DSC.  (Correlation 
index  = 0 .9997) . 

C . DSC  Kinetic  and  Thermodynamic  Parameters 

Some  selected  kinetic  and  thermodynamic 
data  are  listed  in  Table  II,  which  have  been 
calculated  from  the  appropriate  DSC  thermo- 
grams using  the  analysis  illustrated  in  Fi- 
gure 3. 


Regression  analyses  to  find  correlations  be- 
tween the  aged  physical  property  and  DSC  data 
revealed  no  significant  correlations  from  the 
data  in  the  table.  Thus  the  rate  change,  max- 
imum rate  of  oxidation,  and  total  heat  evolved 
(area  of  curve  from  t^  to  R in  Figure  3)  do 
not  influence  the  physical  property  behavior 
in  accelerated  oven  aging.  (Hn  at  150°C  was 
not  calculated  due  to  inordinately  long  oxi- 
dation times  - on  the  order  of  8 to  11  hours). 

The  energy  of  activation  for  oxidation, 

Ea , was  calculated  by  plotting  R (maximum 
rate  from  DSC)  vs.  1/T  (°K) , with  the  assump- 
tion that  at  the  rate  maximum  the  change  in 
rate  is  zero,  i.e.  the  rate  is  first  order 
and  follows  the  Arrhenius  equation.  Ea ' s in 
Table  II  also  do  not  correlate  to  accelerated 
aging  tests  as  determined  by  regression  anal- 
yses, and  have  no  particular  si&nificance  as 
a practical  measure  of  antioxidant  effective- 
ness . 

D.  The  Relation  Between  DSC  First  Order 
Rate  Constant  and  Accelerated  Aging 

A detailed  evaluation  of  the  DSC  curve 
allows  one  to  calculate  a first  order  rate 
constant  at  the  maximum.  It  can  be  shown  that 

dHn  = kb  (Hn)n  (2) 

~dt 

dH 

or  log  kb  = log  " - n log  Hn  (3) 

dt 


Table  II 


Comparison  of  DSC  Kinetic 
for  a Series 

, Thermodynamic 
of  Antioxidants 

and  Aged  Physical  Property 
in  Crosslinked  LDPE 

Data 

Irganox  1035 
DSTDP 

TP-93 

CDP-1012 

618 

Santonox 

0.7R,  mcal/sec 

0.500 

0.155 

0.175 

0.588 

- 

R,  mcal/sec 

0.715 

0.278 

0.250 

0.840 

- 

150°C 

Tensile  Strength  Retention, 

% 

76 

54 

44 

33 

84 

Elongation  Retention,  % 

91 

79 

57 

13 

95 

0.7R,  mcal/sec 

1.61 

0.511 

0.959 

1.57 

0.784 

R,  mcal/sec 

2.30 

0.730 

1.370 

2.25 

1.12 

170°C 

H , Calories 
n 

3.14 

2.74 

6.20 

0.74 

7.38 

Tensile  Strength  Retention, 

% 

33 

45 

- 

30 

36 

Elongation,  % 

7 

25 

- 

5 

10 

0.7R,  mcal/sec 

2.32 

1.00 

1.28 

2.34 

0.952 

180°C 

R,  mcal/sec 

3.32 

1.43 

1.83 

3.35 

1.36 

H , Calories 
n 

4.69 

0.76 

1.08 

1.90 

7.21 

0.7R,  mcal/sec 

3.15 

1.65 

2.35 

4.00 

2.78 

190°C 

R,  mcal/sec 

4.50 

2.35 

3.35 

5.70 

3.97 

H , Calories 
n 

3.42 

0.750 

0.469 

0.849 

4.58 

Ea , kcal/mole 

23.6 

27.0 

32.4 

24.6 

- 

I 
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Figure  4 


Using  equation  (3),  one  may  calculate  the 
first  order  rate  constant,  by  knowing  dHn 

(area  under  DSC  curve  : the  elapsed  time  — — 
to  maximum),  Hn  (area  under  DSC  curve), 
and  assuming  n = 1.  This  analysis  is  based 
on  the  assumption  that  n does  not  change  sig- 
nificantly with  temperature.  Using  this  ap- 
proach, the  data  in  Table  III  were  generated, 
which  includes  a comparison  of  heat  aging 
data . 

Regression  analysis  indicates  that  the 
best  mathematical  fit  to  the  experimental 
data  follows  the  hyperbolic  function: 

r = 17.11  + 7.98  x 10"3  (index  = 0.9997)  (4) 

frb 


where  r = * retention  of  tensile  strength  at 
150°C  and  k^  = DSC  first  order  rate  constant 
at  170°C.  Figure  5 shows  a plot  of  equation 
(4),  where  r vs.  l/kb  shows  a perfectly  linear 
correlation.  Thus  tne  DSC  rate  constant  (at 
maximum  rate) , which  encompasses  both  time  and 
total  heat  evolved  parameters,  correlated  sig- 
nificantly with  massive  loss  in  mechanical 
properties  under  accelerated  heat  aging. 

E.  Relation  Between  Energy  Loss  in 
Mechanical  Properties  and  DSC 
Oxidat ion 


The  energy  loss  in  physical  properties 
upon  heat  aging  should  be  important  when  an 
attempted  correlation  to  DSC  oxidation  kine- 
tic and  thermodynamic  parameters  is  desired. 

A convenient  measure  of  mechanical  energy  ex- 
hibited by  a vulcanizate  is  the  area  under 
the  stress-strain  curve.  To  eliminate  time 
consuming  area  measurements,  it  has  been  found 
that  the  energy  (area)  may  be  closely  approxi- 
mated by  the  product  of  the  tensile  strength 
and  elongation.’  Thus  the  retention  of  ener- 
gy after  aging  (TE) j may  be  expressed  as  the 
ratio 

(TE) f= (Tensile  Strength  x Elongation)  Aged 

(Tensile  Strength  x Elongation)  Orig. (5) 

This  equation  takes  into  account  changes 
in  both  tensile  and  elongation,  which  in  turn 
correlates  in  a relative  way  with  the  retained 
energy  fraction  after  heat  aging. 

That  (TE) f correlates  with  retention  of 
aged  tensile  strength  (r)  is  shown  in  Figure 
6.  The  linear  correlation  has  a confidence 
index  of  0.996. 

Since  (TE) , correlates  linearly  with  r, 
the  data  of  Table  IV  were  constructed  to  show 
relationships  between  (TE),  and  DSC  para- 
meters. It  is  seen  that  tne  best  fit  to  the 
experimental  data  is  a linear  plot  of  (TE) f 
vs.  tp,  the  time  to  maximum  rate  in  the  DSC; 
this  exhibits  a correlation  coefficient  of 
0.987,  with  A and  B constants  indicated  in 


Table  III 

The  Relation  Between  DSC  First  Order  Rate  Constant  and  Accelerated  Aging 
for  a Series  of  Antioxidants  in  Crosslinked  LDPE 


r,  % Retention  Tensile 
( 150°C) 

Strength 

1035 

DSTDP 

76 

TP-93 

54 

CDP-10 12  618 

44  33 

Santonox 

84 

170°C 

k,  x 
b 

104 

1.36 

2.16 

3.03  4.90 

1.19 

for  r = 

A k l 

Index 

= 0.9970; 

A = 0.208; 

B 

=-0.662 

for  r = 

A + B/kb 

Index 

= 0.9997; 

A = 17.111; 

B 

= 7.985  x 10' 

180°C 

kb  X 

104 

2.87 

5.55 

8.86  10.28 

1.48 

for  r = 

. Bk. 
Ae  b 

Index 

= 0.9845; 

A = 98.90; 

B 

= -1012 

190°C 

k,  x 
b 

7^4~~ 

5.95 

10.96 

18.11  18.51 

6.21 

No  Correlation 
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1/kjj  x 10*  at  1 70°C 

Figure  5 


r,  * Retention  Tensile  Strength 

Figure  6 


(150  C)  (TE). 


Table  IV 

The  Relation  Between  (TE) , and  DSC  Oxidation  Parameters 


1035 

DSTDP 

0.699 


TP-93  CDP-1012  613 

0.433  0.255  0.043 


1035 

DSTDP 

1.10 


Santonox  Santonox 


0.968 


0.800 


170°C: 

tR,  min 

122.5 

77 

55 

34 

157 

225 

139 

for 

(TE)  f 

= A + B(tR) 

Index  = 0.987; 

A = -0.1502 

; B = 

6.97  x 

lO-3 

kfa  x 104 

1.36 

2.16 

3.03 

4 .90 

1 .06 

0.74 

1.19 

for 

(TE)  f 

= A + B/kb 

Index  = 0.986; 

A = -0.417; 

B = 

1.15  x 

10-4 

180°C : 

k.  x 10 4 
b 

2.87 

5.55 

8.86 

10.28 

1.61 

1.01 

1 .48 

for 

(TE)  f 

= A + B(k,  ) 
b 

Index  = 0 .984 ; 

A = 0.922; 

B = 

-820.7 

the  table.  Surprisingly,  the  fit  is  not  as  by  the  fact  that  150°C  heat  aging  is  most 

good  for  (TE)  f vs.  1/kjj  at  170°C  as  r vs.  sensitive  with  more  widespread  differencesQ 

l/kb,  since  the  indices  for  fit  are  0.987  and  in  property  retention  than  by  aging  at  170  C 
0.997,  respectively  (calculated  values  of  or  lower  temperatures.  It  may  also  be  fortu 

(TE) , and  r using  the  equations  show  0.997  itous  that  DSC  at  170°C  also  reflects  more 

correlation  to  give  a more  satisfactory  fit  sensitive  thermal  oxidation  behavior,  since 

than  0.987  correlation).  at  higher  DSC  test  temperatures  antioxidant 

volatility  may  complicate  interpretation, 
CONCLUSIONS  and  DSC  at  150°C  involves  impractically  long 

measurement  times. 

It  has  been  observed  that  the  effect  of 

150°C  heat  aging  on  physical  properties  and  Thus,  the  practical  “goodness'  of  the 

some  kinetic  DSC  parameters  determined  at  antioxidants  studied  has  successfully  been 

170°C  correlate  nicely.  This  may  be  explained  correlated  with  isothermal  DSC  measurements, 
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0.9873  (9) 
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t b 


and  (TE) f=-0 .384+.0142r 


0.9960  (11) 


where  (TE) , = fractional  strain  energy  re- 
tained after  150°C  heat  aging;  r = % reten- 
tion of  tensile  strength  after  150°C  heat 
aging;  tR  = DSC  time  in  minutes  to  reach 
oxidation  rate  maximum  at  170°C;  k^  = first 
order  rate  constant  calculated  from  a DSC 
measurement  at  170°C. 

Hence,  the  best  mathematical  correlation 
is  a simple  measurement  of  tR  of  the  170°C 
DSC,  which  allows  empirical  prediction  of 
retention  of  tensile  strength  at  one  week 
150°C  heat  aging. 

Therefore,  the  most  important  DSC  para- 
meter for  practical  antioxidant  effective- 
ness is  the  maximum  rate  (and  time  to  get 
there)  of  oxidation,  which  relates  to  massive 
degradation  of  physical  properties  under  ac- 
celerated heat  aging  tests.  This  may  reflect 
the  oxidative  degradation  (by  crosslinking) 
necessary  for  nearly  complete  loss  of  mechan- 
ical properties. 

The  predictive  power  of  this  method  could 
be  further  demonstrated  by  investigating  other 
antioxidant/PE  systems.  The  method  could 
easily  be  extended  to  the  development  of  a 
quick  and  convenient  quality  control  test  for 
vulcanizable  polyethylenes . For  example,  a 
typical  time  measurement  (tR)  in  the  170°C 
DSC  would  translate  to  a predicted  value  of 
tensile  strength  retention  for  150°C  heat  ag- 
ing. Of  course,  a statistical  analysis  of  a 
larger  number  and  variety  of  samples  would  be 
needed,  and  reduction  of  the  DSC  analysis  to 
a computer  routine  would  significantly  im- 
prove handling  of  the  data. 
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ABSTRACT 

Three  methods  are  presented  for  pre- 
dicting the  fracture,  creep,  and  stiffness 
performance  of  cable  jackets.  In  each,  tests 
on  simple  geometries  combined  with  mechanical 
analyses  enable  a quick,  meaningful  estimate 
of  jacket  performance.  The  combined  tests 
provide  a rapid  mechanical  evaluation  of 
plastic  jacketing  compounds.  Low  temper- 
ature fracture  is  related  to  the  strain 
rate  response  of  materials  in  notched 
impact  tests;  long  term  creep  in  pressurized 
cables  is  predicted  from  short  term  flex- 
ural creep  tests,  and  jacket  stiffness  is 
determined  from  standard  tensile  tests. 

I.  INTRODUCTION 

Simple,  quick  materials  tests  are  essen- 
tial in  the  selection  and  development  of  new 
materials.  This  is  especially  true  in  cable 
product  development  due  to  the  variety  of 
candidate  materials  and  the  expense  and  time 
required  to  test  in  product  form. 

Although  the  advantages  are  clear,  the 
use  of  simple  tests  is  often  inhibited  by 
difficulties  in  establishing  a link  between 
test  results  and  product  performance.  This 
report  describes  three  test  methods  in  which 
mechanical  analysis  has  been  used  to  deter- 
mine this  link.  In  the  first,  a relation- 
ship is  developed  analytically  between 
strain  rates  in  a notched  impact  test,  which 
is  known  to  simulate  product  performance, 
and  fundamental  materials  properties.  In 
the  second,  analysis  provides  the  link 
between  simple  flexural  tests  and  the  creep 
performance  of  cable  jacket.  In  the  third, 
an  analysis  of  cable  jackets  under  bending 
leads  directly  to  the  use  of  standard  tensile 
tests  to  measure  stiffness. 

II . JACKET  FRACTURE  SENSITIVITY 

The  ASTM  D746  impact  test  is  widely  used 
to  determine  the  brittleness  properties  of 
cable  jacketing  compounds.  However,  it  has 
been  recognized  for  some  time  that  the 
"brittleness  temperature"*  determined  in 
this  test  does  not  correlate  with  cable 
jacket  brittle  failures,  which  can  occur  at 
much  higher  temperatures.  Efforts  to  develop 
a more  representative  test  have  involved 


♦Temperature  at  which  5 out  of  10  samples 
fail 


primarily  the  implementation  of  1)  biaxial 
states  of  stress  and  2)  surface  imperfections 
or  "notches." 

Hopkins,  Baker  and  Howard1  established 
that  polyethylene  jacketing  compounds  are 
more  brittle  under  biaxial  stress  than  uni- 
axial stress,  and  Hoff  and  Turner2  estab- 
lished that  polyethylene  is  sensitive  to 
brittle  failure  at  notches.  Okada  and  Uturni1 
investigated  the  effects  of  biaxial  stress 
and  notches  on  a number  of  compounds.  They 
found  that  notches  generally  had  the  strongest 
effect  on  brittleness  temperature,  but  they 
recommended  tests  employing  both  notches  and 
biaxial  states  of  stress  for  evaluating  cable 
jacketing  compounds.  Recently,  Yamaguchi 
et  al."  using  notched  samples  in  the  ASTM  D746 
test  found  that  the  notch  depth  and  the  notch 
position  relative  to  the  clamp  affect  the 
brittleness  temperatures. 

We  have  been  using  notched  samples  in  the 
ASTM  D746  test.  The  test  can  be  performed 
quickly;  notch  geometry  can  be  accurately 
controlled  in  molded  samples  to  insure 
testing  uniformity,  and  the  notches  simulate 
the  surface  character  of  cable  jackets,  which 
contain  many  scratches  and  corrugation 
imprints.  By  varying  notch  geometry  and 
notch  position  relative  to  the  clamp,  a large 
range  of  strain  rates  can  be  obtained.  An 
analysis  of  these  strain  rates,  presented 
below,  points  to  strain  rate  sensitivity  as 
a controlling  factor  in  the  fracture  perfor- 
mance of  jacketing  compounds. 

Notch  Tip  Strain  Rate  Analyses 

Two  analyses  are  applied.  In  the  first, 
elementary  beam  theory  is  combined  with 
published  concentration  factors  to  establish 
a relationship  between  the  velocity  of  the 
striker  and  the  strain  rate  at  the  notch  tip. 
In  the  second,  finite  element  models  are  used 
to  estimate  the  effect  of  the  clamp  on  notch 
tip  strain  rates. 

Beam  Theory  Analysis 

The  test  configuration  is  shown  in 
Figure  la  where  W is  the  force  applied  by 
the  striker.  Initially,  when  the  deflec- 
tion is  small,  it  is  assumed  that  the 
material  responds  linearly.  Viscoelastic 
effects  are  neglected  for  simplicity  though 
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where 


a 


2c  - d 
2c 


FIOUIE  la  Till  SAMPLE  WITH  NOTCH 


- ~1  COTf  AO  * Id 


1 


T 10 UR E lb  CLOSE-UP  OF  MOLDED  NOTCH 


the  correspondence  principle'  permits 
transformation  of  elastic  solutions  to  visco- 
elastic solutions.  The  deflection  at  W 
consists  of  the  deflection  due  to  curvature, 
which  can  be  obtained  from  elementary  beam 
theory,  plus  the  deflection  due  to  rotation 
at  the  notch.  The  total  deflection  is 

1 Wa  ’ 

5 * - 3 iY  + 9 (a-b)  (1) 


where 

E = modulus 

I = area  moment  of  inertia 

9 = angular  rotation  at  the 

notch 

A rough  estimate  of  0 can  be  obtained  by 
treating  the  notched  section  of  the  sample 
as  a beam  with  a variable  moment  of  inertia 
subjected  to  a moment  M = -W(a-b).  From 
beam  theory, 

de  _ _M 

dx  El  (2) 


For  a rectangular  cross  section  of  unit  width 
the  area  moment  of  inertia  is 

1 = "iT  h(x)5  (3) 

where  h(x)  is  shown  in  Figure  lb.  Approx- 
imating the  notch  with  a sharp  "V"  to 
obtain  a linear  relationship  for  h(x) , 
integrating  (2),  and  substituting  into  (1) 
yields 


wc (a-b) 


■a  - * 


(4) 


For  a notched  beam  subject  to  bending,  the 
stress  at  the 

o = K 

where  K is  the  concentration  factor.  Using 
6 as  above, 

c 

X (6) 

-W(a-b)  into  (5) 

(7) 

stress,  the  strain 


c-f) 


at  notch 


Substituting  (6)  and  M = 
gives 

K Wc (a-b) 
I 


For  a condition  of  plane 


'at  notch 


(5) 


(8) 


Combining  (4),  (7),  and  (8),  eliminating 
W,  and  differentiating  with  respect  to  time  x 

gives 


dc 
d t 


KV (a-b) 

8 ;a  3 + w (a-b)  2 
3c  d 


(1-8  2 ) 


(9) 


where  V = is  the  velocity  at  which  the 
dx 

striker  impacts  the  sample. 

S tress  Concentration  Factors 


Concentration  factors  for  notches  in 
beams  subjected  to  bending  have  been  cal- 
culated by  Neuber6  and  measured  photo- 
elastically  by  Leven  and  Frocht.  For  a 
notch  with  a 60°  included  angle,  as  shown  in 
Figure  lb,  the  analytical  and  measured  con- 
centration factors  differ  by  only  6fc.  Since 
Neuber' s results  cover  the  largest  range  of 
concentration  factors,  they  have  been  used 
to  calculate  the  strain  rates  that  are 
presented  later  in  this  section. 

Finite  Element  Analysis 

The  finite  element  meshes  for  notched 
LTB  samples  are  shown  in  Figure  2.  The 
notches  are  C.010  and  0.020  inches  deep  with 
a 60°  included  angle.  The  base  of  the  notch 
is  0.002  inches  wide. 

With  the  meshes  shown  in  Figure  2,  the 
notches  were  moved  relative  to  the  clamp  by 
relocating  18  nodal  points  (intersections 
on  the  mesh)  for  the  0.010-inch  notch  and 
24  ncdal  points  for  the  0.020-inch  notch. 
Numerical  solutions  were  obtained  with  the 
PALOS  computer  program.8 
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Strain  Rate  Results 


The  effect  of  notch  position  on  strain 
rate  as  determined  from  the  finite  element 
models  is  shown  in  Figure  3.  Results  are 
presented  as  a ratio  of  strain  rates  to 
eliminate  the  tip  radius  effect.  The  beam 
theory  solution  gives  the  same  slope  as 
shown  in  Figure  3 for  notches  located  more 
than  approximately  a half  thickness  (b/2c  = 
0.5)  from  the  clamp.  For  notches  located 
closer  to  the  clamp,  clamp  effects  are 
significant,  and  the  simple  beam  theory 
solution  is  not  applicable. 


In  Figure  4 , notch  tip  strain  rates  are 
plotted  versus  tip  radius  for  various  depths. 
The  notches  are  located  a half  sample  thick- 
ness from  the  clamp.  Figure  5 contains  plots 
of  strain  rate  versus  notch  depth.  These 
curves  were  calculated  from  the  following 
equation: 

de  , KV(a-b) 5 (10) 

dt  1.0B7  + w(a-b)j 

which  is  equation  (9)  with  the  1.087  factor 
introduced  to  compensate  for  deflections  due 
to  shear  deformation  and  deformation  at  the 
clamp.  These  deflections,  which  are  not 
included  in  the  elementary  beam  theory 
equations,  were  determined  from  the  finite 
element  model  results. 


ftOURt  4 NOTCH  II*  STRAIN  RATtS  TOR  0 075-INCH  THICK  SAMRlIS 
WITH  NOTCHIS  IOCATIO  0-0275  INCHCS  FROM  ClAMV 


0.5  1 — — 1 1 1 1 » 

>0.5  0.0  0.5  1.0  I.S  2.0 

k/2C 


I I I — 

0010  0.020  0.050 

OtTTH.  mcms 


HOUR!  5.  NOTCH  TIP  STRAIN  RATtS  tOR  ©.075-INCH  THICK  tAfttttt 
WITH  NOTCHIS  lOCATID  0.0575  INCNIS  IRON  ClAMR 


7IOURI  5.  IffICT  Of  NOTCH  POSITION  ON  STRAIN  RATI 


r 


Experimental  Results  and  Discussion 


The  hypothesis  presented  here  is  that 
the  strain  rate  at  the  notch  tip  is  the  major 
factor  controlling  failure.  In  order  to  test 
this  hypothesis,  notched  brittleness  tempera- 
tures, Tb,  were  determined  for  the  following 
sets  of  experiments: 


1)  The  distance,  b,  from  the  clamp 
was  varied  for  a .010"  deep, 
0.0015"  radius  notch. 


2) 


The  notch  radius  was  varied  from 
0.0015"  to  0.024"  for  a 0.010" 
deep  notch  located  at  a distance 
b/2c  =0.6  from  the  clamp. 


In  experiment  (1)  the  rate  at  the  notch 
tip  goes  through  a maximum  with  respect  to 
position  as  shown  in  Figure  3 and,  as  shown 
in  Figure  6,  Tb  varies  in  a similar  manner 
for  two  low  density  polyethylene,  LDPE , 
compounds.  In  fact,  the  maximum  occurs  near 
b/2c  = 0.5  as  in  the  analytical  results  of 
Figure  3.  So  that  while  one  may  argue  that 
low  temperature  fracture  is  a complicated 
phenomenon  involving  many  contributing 
variables,  the  data  of  Figure  6,  when 
compared  to  the  analytical  results  in 
Figure  3,  indicate  a strong  contribution 
of  strain  rate. 
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The  notch  position  variation  method  may 
now  be  compared  to  an  alternative  method  of 
varying  strain  rate.  In  experiment  (2) , by 
varying  the  notch  radius  while  maintaining 
its  position  constant,  the  strain  rate  may 
be  varied  as  shown  in  Figures  4 and  5.  The 
reciprocal  of  the  Tb  values  obtained  by 
experiment  (1)  and  (2)  are  plotted  versus  the 
analytically  determined  strain  rates  in 


Figure  7.*  The  brittleness  temperature  data 
from  the  two  experiments  fall  on  the  same 
curve,  further  supporting  the  strain  rate 
control  of  low  temperature  brittleness. 
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Consider  now  the  engineering  signifi- 
cance of  Figure  7.  Any  points  on  the  high 
temperature  side  of  the  lines  represent 
temperature-strain  rate  combination  at  which 
the  material  will  fail  in  a ductile  mode. 

For  example,  at  100  sec-1  and  -20°C  both 
LOPE (A)  and  (B)  will  behave  in  a ductile 
manner.  At  a strain  rate  of  200  sec-1  and 
-45«C  LDPE (A)  will  fail  in  a brittle  mode 
while  LOPE (B)  will  still  be  ductile.  The 
temperatures  at  which  failures  occur  during 
duct  pulls  of  cables  indicate  that  local 
strain  rates  of  300  to  400  sec-1  are 
operative. 


The  rate  dependence  exhibited  in  Figure  7 
may  be  described  by  the  following  equatioi?'1? 


Go  e 


[—  - — 1 

Tb  T0  J 


(ID 


where  R is  the  gas  constant  and  tb  and  eq  are 
the  strain  rates  corresponding  to  Tb  and  Tc 
respectively.  The  apparent  activation  energy, 
E*,  is  a measure  of  the  interaction  between 
the  rate  of  a mechanical  process  and  the 
temperature  at  which  the  process  occurs. 

The  apparent  activation  energies  1.9  kcal/ 
mole  for  LDPE  (B) and  2.6  kcal/mole  for  LDPEiA) , 
indicate  that  LOPE(B)  will  be  somewhat  more 
rate  sensitive  than  LDPE  (A). 


*In  Figure  7,  LDPE (A)  is  a typical  jacket  ocnpcurri 
and  LDPE (B)  is  a commercial  LDPE  with  dramat- 
ically improved  low  temperature  performance 
on  product. 
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Some  of  the  molecular  implications  of 
these  data  have  been  discussed  elsewhere  U»12 
Further  discussion  here  is  outside  the  intent 
of  this  paper. 

Recommendations  for  the  LTB  Testing  of 
Notched  Samples 

Some  care  is  needed  to  insure  accuracy  and 
repeatability  in  the  notched  test.  As 
indicated  by  the  strain  rates  in  Figure  4, 
the  most  critical  factor  is  notch  tip  radius. 
In  some  experiments,  it  may  be  necessary 
to  use  a small  radius  to  attain  high  strain 
rates.  However,  molds  for  small  notch 
radii  are  difficult  to  fabricate  accurately, 
and  at  small  radii,  strain  rate  is  a rapidly 
varying  function  of  radius.  Thus,  the 
recommended  procedure  is  to  use  the  largest 
notch  tip  radius  that  is  consistent  with 
testing  objectives.  For  example,  a 0.006 
inch  tip  radius  in  a 0.010  inch  deep  notch 
yields  brittleness  temperatures  for  poly- 
ethylene jacketing  compound  that  are  in  the 
range  of  practical  interest.  In  all  testing, 
notches  should  be  located  a distance  greater 
than  b/2c''-0.5  from  the  clamp  to  avoid 
complex  clamping  stresses,  which  can  vary 
from  test  to  test  due  to  changes  in  clamping 
pressure.  In  repeated  testing  where  equal 
strain  rates  are  desired,  notches  can  be 
located  at  b/2c  = 0.5,  where,  as  shown  in 
Figure  6,  brittleness  temperatures  are 
insensitive  to  small  changes  in  position. 

III.  CABLE  JACKET  CREEP  UNDER  PRESSURE 

In  pressurized  cable  systems  cable  dia- 
meters increase  with  time.  While  it  is 
desirable  to  limit  the  increase,  the  effect 
has  been  difficult  to  predict  quantitatively 
without  first  making  cables  and  subjecting 
them  to  pressure  testing.  By  coupling 
laboratory  characterization  of  plastics 
creep  with  simple  analysis,  design  criteria 
for  minimizing  creep  of  polyolefin  materials, 
such  as  high  and  low  density  polyethylene 
and  polybutylene,  in  cable  jackets  have 
been  developed.  Also,  the  ability  to  more 
effectively  screen  plastic  jacket  material 
candidates  is  now  available. 

Jacket  Creep  Under  Pressure 

Creep  is  the  time  dependent  deformation 
that  occurs  under  constant  stress.  In 
plastics  this  deformation,  which  is  also 
a function  of  temperature,  is  very  often 
predictable  in  an  engineering  design  using 
mechanical  characterization  data.  A simple 
experiment  involving  three  point  bending’ 3 
permits  the  determination  of  the  uniaxial 
creep  compliance,  D(t).  The  beam  deflection 
may  then  be  calculated  as  a function  of  time 
from  the  elementary  beam  bending  equation1*, 

FL3 

x (t)  - — , D(t)  (12) 

where  F is  the  midpoint  load,  L is  the  span 
between  supports,  c and  d are  the  sample 
width  and  thickness  respectively  and  x(t) 
is  the  time  varying  deflection.  For  deflec- 
tions smaller  than  the  beam  thickness, equa- 
tion (12)  is  correct  to  within  3*.  When 


deflections  become  greater  than  the  beam 
thickness,  corrections  for  geometric  non- 
linearities  must  be  made.15 

The  creep  compliance  versus  time  curve 
(shown  in  Figure  8 on  a log-log  plot)  is 
typical  of  the  shape  of  such  curves  for 
crystalline  polymers  below  the  melting 
temperature , Tm*  and  amorphous  polymers 
below  the  glass  temperature,  Tg.  The  fea- 
tures are  analogous  to  those  observed  for 
cross-linked  amorphous  polymers.15  At  short 
times  D(t)  approaches  a value  of  the  order 
of  Dg  = 10_1(7  cmVdyne  (7xl0'6pei_1) . In  amorphous 
polymers  this  region  is  called  the  glassy 
zone.  Substitution  of  this  value  of  DP) 
into 


Ed  = ~2t~  D(T)  (13) 

yields  the  initial  diametral  strain  observed 
when  pressurizing  a cable.  In  Equation  (13) , 
td  is  the  diametral  strain,  t is  the  cable 
jacket  thickness,  P is  the  pressure  and  D 
is  the  mean  diameter  of  the  cable. 


HOURE  I.  TYPICAL  POIYOIEHN  CREEP  CURVE 


At  long  times  D(t)  max.  approach  a 
limiting  value  De,  the  equilibrium  com- 
pliance, of  the  order  of 

10"7  g^es  (7xl0'4psi-1)  . 

The  existence  of  an  equilibrium  value  is 
strongly  dependent  on  the  proximity  of  the 
test  temperature  to  Tg  or  Tm.  For  a semi- 
crystalline polymer  details  of  the  crystalline 
morphology,  as  Tm  is  approached,  have  a pro- 
found effect  upon  the  existence  of  De.  In  a 
constant  load  application,  such  as  pressurized 
cable  jacket,  the  existence  of  De  at  the 
highest  operating  temperatures  is  a necessary 
but  not  sufficient  condition  for  satisfactory 


performance.  If  the  magnitude  of  De  is  Buch 
that,  under  the  typically  applied  pressure 
(10  psi  in  the  Bell  System),  the  cable 
diameter  increases*  excessively,  then  the 
material  will  be  unacceptable.  In  addition 
the  possibility  exists  for  slow  crack  growth 
to  occur  even  at  low  hoop  strains.17 

Equation  (12)  may  be  used  to  compare 
the  cable  performance  under  constant  pressure 
with  the  flexural  creep  performance  of  the 
polymer.  Figure  9 shows  the  comparison 
between  flexural  and  pressurized  cable 
derived  compliance  for  a medium  density 
polyethylene,  MDPE,  at  100°C.  The  similarity 
in  shape  of  the  two  curves  is  encouraging. 
Once  the  equilibrium  compliance  at  the 
maximum  temperature  is  established  the 
maximum  allowable  hoop  stress  may  be 
calculated  from  the  desired  maximum  strain, 
emax  using 

= Emax 

max  = De  (14) 


and  the  minimum  wall  thickness  as 
follows 
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Key  Result 

The  creep  compliance,  as  shown  in 
Figure  9,  while  applied  herein  to  the 
diametral  increases  in  pressurized  cable, 
may  be  used  to  predict  strains  in  any 
geometry  where  analysis  indicates  that  the 


*A  cable  diameter  increase  of  up  to  15*  is 
considered  acceptable.  For  some  jacket 
materials  increases  of  less  than  10%  are 
observed  at  100*0. 


linear  viscoelastic  uniaxial  creep  compliance 
is  the  primary  material  property  controlling 
the  material  response.  In  some  cases  it  may 
be  necessary  to  determine  additional  time 
dependent  properties.  When  comparing 
jacketing  compounds,  differences  in  the 
equilibrium  creep  compliance,  De,  at  use 
temperatures  will  be  reflected  in  differences 
in  observed  diametral  increase  unless  jacket 
thicknesses  are  modified  proportionately. 

IV.  CABLE  JACKET  STIFFNESS 

Cable  stiffness  during  installation  is 
especially  critical  when  cables  are  looped 
as,  for  example,  during  placement  in  cool 
weather  in  above-ground  closures.  This 
operation  is  shown  schematically  in 
Figure  10a  where  F and  Mq  are  the  forces 
and  moment  applied  by  the  craf tsperson. 
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From  the  free-body  diagram  in  Figure  10b, 
the  cable  at  the  top  of  the  loop  is  under  a 
compressive  force  F and  a bending  moment 
M ” Mq  + Fh.  M is  relatively  constant  for 
a portion  of  the  cable  at  the  top  of  the 
loop,  and  the  stresses  due  to  M are  generally 
large  compared  to  the  compressive  stresses 
due  to  F alone.  The  net  result  is  that  the 
cable  is  essentially  loaded  in  pure  bending. 

Stiffness:  Resistance  to  Pure  Bending 

Figure  11  shows  the  cross  section  of  a 
circular  cable  jacket  of  uniform  thickness  t. 
It  is  assumed  that  the  cross  section  remains 
circular  during  bending  and  that  the  neutral 
surface  is  at  the  center  of  the  cable  (the 
x-axis) . Under  these  conditions,  the  moment 
exerted  by  the  differential  area  dA  is 

dM  = oydA  (16) 
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or,  from  Figure  11, 


compressive  side  of  the  bend.  Substituting 
y = R sin9  and  rearranging  yields 


dM  = a (R  sin0)  (tRdW)  (17) 


sin6 

E = 1 + X 


(21) 


dA  = lRd0 


y = R SIN© 


FIGURE  h JACKET  CROSS  SECTION 


During  bending,  cable  jackets  are  sub-  • 
jected  to  relatively  large  levels  of  strain 
(''-15%),  and  the  stress  o exerted  by  the 
jacket  is  a highly  nonlinear  function  of 
the  strain  e.  This  nonlinear  relationship 
can  be  approximated  by  a series  of  short 
linear  segments  in  which  the  stress  is 
given  by 

0 = + fc^-Ej^)  (18) 


where 


where  X = | is  the  "bend  ratio."  Combining 
(17) , (18)  and  (21)  gives  the  following: 


sin6  + 


<ai 


Ei£i> 


sin8  d9  (22) 


which  is  applicable  for  strains  between 
and  Ei+j.  Solving  (21)  for  0 yields 


0 


-1 


( (1+X)e) 


(23) 


which  can  be  used  to  obtain  the  angles  0^ 
and  6i+i  corresponding  to  the  strains  Ei  and 
ei+1.  Integrating  (22)  between  these  angles 
and  dividing  by  R2t  gives  the  following, 
which  is  independent  of  cable  size  R and 
jacket  thickness  t: 


Ei  /0  i \ 

~ ( - - - sin20  ) - 

1 + X \2  4 J 

(of  - E^)  COS0 


(24) 

ei+l 

9i 


To  determine  the  total  M/R2t,  (24)  is 
applied  in  as  many  steps  as  necessary 
depending  on  the  bend  ratio  X and  the  (ei, 
di)  data  points.  A reasonable  approximation 
for  cable  applications  is  to  use  standard 
tensile  test  data  to  determine  stress-strain 
properties.  M/R2t  is  calculated  between 
0 = 0 and  0 = ti/2,  and  then,  assuming  similar 
material  properties  in  tension  and  ccnpression, 
the  result  is  multiplied  by  four  to  obtain 
the  total  M/R2t,  which  shall  be  termed  the 
"stiffness  factor." 


ct^  = Stress  at  the  beginning 
of  the  ith  segment 

e . = Strain  corresponding  to 
°i 


and 


Ei 


qi^1  - °i 
ei+l  ' ei 


(19) 


From  elementary  beam  theory,  the  strain 
in  pure  bending  is  given  by 


p + R (20) 


where  P is  the  radius  of  curvature  measured 
to  the  inside  surface  of  the  cable  on  the 


Stiffness  Factor  Results 


Figure  12  shows  tensile  data  for  5 
compounds  at  various  temperatures.  Figure  13 
shows  the  stiffness  factor  calculated  for 
these  compounds  using  Equation  (24). 

The  stiffness  changes  gradually  with  the 
bend  ratio  due  to  two  factors:  1)  jacket 

strains  are  relatively  large  with  the 
maximum  strain  varying  from  4%  at  X = 25 
to  17%  at  X = 5 , and  2)  at  these  strains 
stresses  tend  to  peak  and  level  off.  The 
net  result  is  that  a significant  portion 
of  the  jacket  is  at  a relatively  constant 
level  of  stress.  In  addition,  this  portion 
of  the  jacket  is  located  away  from  the 
neutral  axis  where  the  largest  effect  on 
stiffness  is  exerted. 

Under  the  conditions  described  above, 
jacket  stiffness  for  relatively  tight  bends 
(low  X values)  depends  primarily  on  the  max- 
imum levels  of  stress  exerted  by  the 
jacketing  compounds.  Below  approximately 
X = 10,  experience  shows  that  cable  jackets 
tend  to  buckle  and  stiffness  decreases.  Since 
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buckling  is  not  included  in  the  above 
analysis,  stiffness  factors  below 
approximately  X = 10  should  be  ignored 
Therefore,  from  the  curves  in  Figure  13, 
the  maximum  stiffness  occurs  at  X = 10. 

In  Figure  14,  the  stiffness  factor 
M/R2t  at  X = 10  is  plotted  versus  the 
maximum  stress  exerted  by  the  jacketing 
compound.  The  maximum  stresses  are  taken 
from  the  Figure  12  curves  between  0 and 
10%  strain,  which  is  the  range  of  jacket 
strains  at  X = 10. 

Application  to  the  Selection  of  New 
Compounds 

As  shown  in  Figure  14,  maximum  jacket 
stiffness  is  linearly  proportional  to  the 
maximum  stress  exerted  by  the  jacketing 
compound.  This  correlation  has  been 
established  for  a sufficient  variety  of 
compounds  and  temperatures  that  it  can  be 
safely  applied  to  any  new  compound. 
Therefore,  when  comparing  jacketing 
compounds,  differences  in  maximum  stress 
determined  below  10%  strain  will  result 
in  differences  in  jacket  stiffness,  un- 
less jacket  thicknesses  are  changed  prO- 
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V.  SUMMARY 

1.  Strain  rate  is  a controlling  factor 
in  the  brittleness  performance  of  low 
density  polyethylene.  A modified  notched 
brittleness  test  gives  data  suitable  for 
determining  the  low  temperature  perfor- 
mance of  plastic  in  cable  jacket. 

2.  The  creep  performance  of  plastic  cable 
jacket  under  pressurization  may  be 
predicted  from  simple  flexural  creep 
experiments . 

3.  Cable  jacket  stiffness  under  pure  bending 
can  be  determined  from  the  maximum  stress 
below  10%  strain  as  measured  in  a standard 
tensile  test.  When  comparing  jacketing 
compounds,  differences  in  maximum  stress 
correspond  to  equal  differences  in 
jacket  stiffness  unless  tne  thickness 

is  changed  proportionately. 
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Summary 

Ships  cableways  have  been  identified  as  a major  problem 
area  during  fire  emergencies.  Fire  propagation,  smoke, 
toxic  and  corrosive  gas  generation  are  primary  con- 
cerns. The  state  of  fire  technology  in  the  Wire  & 

Cable  Industry  was  surveyed  with  major  advances  noted. 

A comprehensive  evaluation  of  thirty-two  candidate 
cables  was  conducted. 

Introduction 

Recent  shipboard  fire  experience  has  focused  attention 
on  electric  cableways  and  the  part  they  play  in  a 
ship's  conflagration.  Major  fires  aboard  the  USS 
FORRESTAL  (CVA-59)  and  the  USS  SARATOGA  (CVA-60)  are 
examples  of  the  concern  generated.  Damage  reports  in 
each  case  appear  to  blame  electric  cableways  for 
spreading  a relatively  small  and  confined  fire  thereby 
directly  contributing  to  the  substantial  time  loss  and 
dollar  damage  incurred  . 3 to  4 months  unscheduled  ship 
availability  at  a shipyard  and  millions  of  dollars  in 
repair  costs) . In  the  recent  collision  between  the 
USS  JOHN  F.  KENNEDY  (CVA-b7)  and  USS  EELNAP  (DLG-26)  m 
the  Mediterranean  the  damage  survey  team  again  cited 
the  electric  cables  as  contributing  to  the  severity  of 
the  post-collision  fire.  In  addition  to  the  propaga- 
tion of  fire,  there  is  increasing  concern  for  the  dense 
black  smoke  and  potentially  toxic  and/or  corrosive 
gases  generated  by  burning  electric  cables  which  incor- 
porate relatively  large  quanities  of  various  plastic 
and  elastomeric  compounds  as  insulation  and  jacketing 
components . 

Since  most  electrical  shipboard  cables  are  designed  and 
ertified  to  be  'non-propagating"  and  "self -extinguish- 
ing" there  appeared  to  be  a conflict  oetween  certifica- 
tion procedures  and  the  real  Life  shipboard  fire  condi- 
tions. A discussion  of  present  Navy  cable  fire  perfor- 
mance requirements  is  presented  here  as  background 
material . 

Most  electric  rabies  installed  >n  Navy  ships  are  speci- 
fied under  MIL-C-915E.  There  are  two  oasic  fire  per- 
formance requirements  contained  m that  document. 
Headers  are  referred  to  the  specification  for  detailed 
descriptions  of  the  procedures.  The  first  requirement, 
the  Gas  Flame  Test  paragrapn  4.8.17)  is  cited  for  cri- 
tical cables  which  must  maintain  circuit  integrity 
during  shipboard  fire  conditions.  Briefly,  a single 
completed  :able  is  subjected  to  a 2- foot  horizontal 
ribbon  burner  *tor  i hours  with  /oitage  applied  *.o  its 
conductors.  tables  designed  to  provide  this  ieqree  of 
protection  incorporate  combinations  of  silicone  rubber 
and  fiberglass  insulation  'in  extruded  or  taped  form) 
vbich  provide  the  silica  ash  decomposition  insulation 
necessary  to  maintain  circuit  integrity  without  short- 
ing during  fire  exposure.  The  evaluation  therefore 
does  not  and  was  never  intended  to)  evaluate  the  ourn- 
inq  or  non-burning  characteristics  of  the  cable  but 
inly  its  ability  to  perform  electrically  dunnq  fire 
»mergency  conditions. 

The  second  fire  performance  requirement,  the  Flammabil- 
ity Test  (paragraph  4.3.16),  attempts  to  adress  the 
propagation  and  self-extinguishing  characteristics  of 
cables  more  directly.  In  this  procedure  a jingle,  18- 
.nch  length  of  completed  cable  is  exposed  to  a heater 


coil/spark  gap  ignition  source  in  the  vertical  configu- 
ration. Gases  generated  from  the  cable  by  the  hot  coil 
are  ignited  by  the  spark.  The  source  of  ignition  is 
then  removed  and  the  degree  to  which  the  cable  is  self- 
extinguishing and  non-propagating  is  evaluated.  This 
test  has  been  employed  by  the  Navy  as  a production 
screening  test  for  over  25  years  and  was  originally  de- 
signed to  prevent  accidental  ignition  of  switchboard 
and  electric  panel  wiring  by  welding  torches  and  not  to 
simulate  the  cableway  fire  situation. 

Recent  shipboard  fire  experience  however,  indicated 
that  standard  Navy  cables  are  not  self-extinguishing 
and  will  propagate  fire  for  appreciable  distances  when 
grouped  in  typical  ships  cableways  and  subjected  to  a 
high  heat  fire  source.  As  a result  of  this  conflict 
between  laboratory  qualification  results  and  real  fire 
pertormance,  a review  of  the  state-of-the-art  of  cable 
flammability  standards  (military  and  commercial)  was 
included  in  the  scope  of  this  investigation.  In  this 
way,  candidate  fire-retardant  cable  materials  could  be 
evaluated  under  laboratory  conditions  which  would  most 
nearly  simulate  a real  fire  situation. 

Background 

Fire  nas  emerged  as  a major  national  problem  to  such  an 
extent  that  a special  presidential  commission  was  es- 
tablished to  study  the  facts  and  recommend  possible 
solutions.  After  2 years  of  investigative  hearings  the 
National  Commission  of  Fire  Prevention  and  Control 
issued  its  final  report^  "America  Burning"  detailing 
the  size  of  the  nation's  problem.  Over  12,000  deaths 
and  $11  billion  in  wasted  resources  was  directly  attri- 
buted to  destructive  fires  each  year,  placing  the 
United  States  tragically  as  the  world  leader  in  both 
statistical  categories. 

As  a result  of  increased  awareness  of  the  fire  problem, 
a number  of  agencies  and  universities  have  initiated 
fire  research  programs.  The  National  Bureau  of  Stand- 
ards'*; The  National  Academy  of  Sciences4:  The  Flammabi- 
lity Research  Center,  University  of  Utah^;  and  the 
Federal  Aviation  Administration0  are  among  the  many 
national  organizations,  universities  and  agencies  with 
major  fire  research  programs  in  progress.  Some  of  this 
work  has  already  improved  consumer  product  performance 
through  the  development  of  new  industry  standards  of 
fire  performance.  Most  notable  are  fire-retardant 
clothing  '.particularly  childrens’  sleepwear),  carpeting 
and  interior  fabrics  standards  all  now  nationally 
accepted. 

The  wire  and  cable  industry  nas  also  developed  a new 
family  of  highly  fire  retardant  materials  and  construc- 
tions m response  to  stringent  performance  requirements 
lemanded  in  nuclear  power  generation.  These  require- 
ments were  developed  by  the  Insulated  Conductor  Commit- 
tee of  the  IEEE  (Institute  of  Eleccrical/Electronic 
Engineers)  and  published  as  IEEE  Standard  383-1974. 
Among  the  cable  requirements  of  that  standard  is  the 
Vertical  Tray  Fire  Test  which  represented  an  attempt  to 
simulate  a real  cableway  fire  situation  in  evaluating 
propagation  and  extinguishment  parameters  of  completed 
cables  installed  in  typical  tray  fashion.  With  this 
newly  developed,  industry-recognized,  standard  as  a 
juide,  many  cable  manufacturers  developed  highly  fire- 
retardant  cable  product  lines  employing  new  or  improved 


polymer  materials  and  • n.tni  tion  ti\hni'iues  aimed  at 
the  expanding  nuclear  power  gen*-- rating  market.  It  was 
the  goal  of  the  Navy  * » program  to  determine  if  these 
materials  and  oast ructions  uuld  be  employed  in  the 
Naval  shipboard  environment  without  substantial  com- 
promise to  other  performance  requirements.  Two  re- 
ports were  issued  dunnq  the  course  of  this  study;  a 
preliminary  report®  outlining  the  approach  and  pre- 
senting initial  findings  and  a final  report.  '*  This 
paper  is  a summary  of  the  work  presented  in  this  final 
report  and  readers  are  referred  to  it  for  more  detail- 
ed information. 

Candida te  Cable  . . * .*_lo c tic n 

An  industry  wide  survey  was  conducted  to  determine  the 
variety  of  highly  fire-retardant  cable  materials  and 
constructions  being  developed  lor  the  nuclear  gener- 
ating station  and  other  markets.  The  survey  included 
major  Navy  cable  manutd  r.ueres  and  material  suppliers 
as  weLl  as  those  known  to  be  active  in  the  fire-re- 
tardant field.  One  fear  war;  that  only  a single-source 
proprietary  material  would  provide  trie  additional  fire 
protection  required.  This  would  cause  problems  in 
supply  and  logistics  for  the  naval  shipboard  applica- 
tion. It  wus  discovered,  however,  that  a wide  variety 
of  insulation  ana  idcket  material  :>  would  meet  the  new 
requirements  for  tire  retardation  Th*  range  of  ma- 
terials was  from  sophisticated  irradiation  ross- 
1 inked  polyolefins  to  commonly  used  polyvinyl  chlor- 
ides compounded  with  improved  fire-retardant  addi- 
tives . The  broad  extent  of  tnis  survey  is  demonstrat- 
ed by  the  following  listing  of  most  of  the  companies 
mvo  lved . 

ALLIED  CHEMICAL,  MORRISTOWN , N.J. 

ANACONDA  CONTINENTAL,  WIRE  & CABLE  CO.,  YORK,  PA. 

BOSTON  INSULATED  WIRE  & CABLE  CC . , BOSTON,  MASS. 

BRAND  REX,  WILLIMANTIC,  CONN. 

CERRO  WIRE  & CABLE,  NEW  HAVEN,  CONN 
CITIES  SERVICE  CORP. , CHESTER,  N . Y . 

COLLYER  INSULATED  WIPE,  LINCOLN , R.I. 

CYPRESS  WIRE  & CABLE,  ROME,  N.Y. 

E.I.  Du PONT  de  NEMOURS  CO.,  WILMINGTON,  DEL. 

GENERAL  CABLE  CORP.,  BAYONNE,  N.J. 

- B.F.  GOODRICH  CHEMICAL  CO.,  CLEVELAND,  OHIO 
GREAT  AMERICAN  CHEMICAL.  CORP.,  FITCHBURG,  MASS 
ITT,  SURFRENANT  DIVISION',  CLINTON,  MASS. 

MOBAY  CHEMICAL  CO.,  PITTSBURG,  PA. 

OKONITE,  PASSAIC,  N.J. 

PLASTOID  CORP..  HAMBURG,  N.J. 

RAYCHEM  CORP.,  MENLO  PARK,  CALIF. 

TIMES  WIRE  & CABLE  CO.,  WALLINGFORD,  CONN. 

U.S.  STEEL,  ELECTRIC  CABLE  DIVISION,  WORCESTER,  MASS. 

UN I ROYAL  INC.,  NAUGATUCK,  CONN. 

Six  standard  Navy  cable  types  were  selected  to  repre- 
sent the  variety  of  power,  control,  communications  and 
telephone  cables  contained  in  MIL-C-915E.  These  six 
types  were:  TSGU-50;  MSCU-7;  MHGF-19:  TTRS-8,  2SU-19 

and  TTSU-20.  These  types  were  suggested  as  a guide  to 
manufacturers  in  the  hope  of  obtaining  a degree  of  con- 
tinuity of  samples.  Industry  response  to  the  program 
was  enthusiastic.  Many  companies  supplied  commercial 
variations  of  Navy  types.  AIL  samples  were  welcomed  in 
order  to  include  the  widest  variety  of  highly  fire- 
retardant  materials  in  the  evaluation  program. 

Sample  Description 

Thirty-two  samples  of  highly  fire-retardant  designs 
have  been  received  and  evaluated  during  the  course  of 
this  investigation.  Each  sample  (identified  FR-1  to 
FR-32)  is  described  in  detail  in  the  report-*  including 
materials  description  and  dimensions  for  each  sample. 
For  convenience  the  following  brief  decription  of  the 
32  samples,  including  the  primary  insulation  and  jacket 


materials  employed,  general  functional  description  of 
types  and  size  and  manufacturer  (coded) , is  presented. 

FR-1,  -2  &.  -3  were  manufactured  by  Code  A and  represent 
15,  38  and  48  conductor  respectively,  16  AWG  control 
cables  marketed  to  the  nuclear  generating  industry. 

Dual  conductor  insulation  of  Ethylene-Propylene  Rubber/ 
Chlorosulfonated  Polyethylene  and  a Ch loros ul tona ted 
Polyethylene  jacket  are  employed. 

FR-4  was  manufactured  by  Code  B and  employs  a tire-re- 
tardant Polyurethane  jacket  over  a standard  Navy  TTRS- 
8 core. 

FR-5,  -6  & -7  were  manufactured  by  Code  C and  employed 
specially  developed  highly  fire-retardant  Polyvinyl 
Chloride  compound  (supplied  by  Code  B)  as  a jacket  over 
standard  Navy  TTSU-20,  2SU-19.  2SWU-30,  respectively, 
cores . 

FR-6  ana  -10  were  manufactured  by  Code  K and  employed  a 
fire-retardant  Polyurethane  jacket  over  a single 
twisted  pair  insulated  with  Thermal  Plastic  Rubber  (Un- 
shielded and  shielded,  respecti vely) . 

FR-9  was  manufactured  by  Code  B and  employed  a fire- 
retardant.  Polyvinyl  Chloride  jacket  over  a standard 
Navy  TTSU-20  core. 

FR-11  was  manufactured  by  Code  F and  employed  a fire- 
retardant  Polyurethane  jacket,  over  a standard  Navy 
TTSU-8  core. 

FR-12,  -13,  -15,  -16  & -17  were  manufactured  by  Code  G. 
All  samples  employed  the  dual-conductor  insulation  sys- 
tem specified  in  MIL-W-81044^  and  a highly  fire-retar- 
dant modified  Polyolefin  jacket,  except  FR-16  which 
employed  a proprietary  irradiation  cross-linked  Poly- 
olefin jacket.  FR-12  was  a 7-conductor  control,  FR-13 
a twenty  pair  telephone  communications,  FR-15  & -16 
were  10  conductor  waterblocked  control  and  FR-1 7 was  a 
10  shielded  twisted  pair  waterblocked  communication 
cable . 

FR-14  was  jacketed  by  Code  H with  an  Ethylene-Fluoro- 
carbon Copolymer  over  a standard  Navy  TTSU-20  core 
(pur chased  from  Code  C) . 

FR-1 8 was  manufactured  by  Code  C and  employed  a second 
generation  of  Code  D Poly\ inyl  Chloride  jacket  over  a 
standard  Navy  TTSU-20  core  (see  FR-5,  -6  and  -7)  . 

FR-19,  -20,  -21  6,  -22  were  all  7 -conductor/#]  2 AWG 
cables  manufactured  by  Code  H.  FR-19  employed  Silicone 
Rubber  insulation  and  Fluorinated  Ethylene  Propvlene 
jacket;  FR-20  employed  Silicone  Rubber  insulation  and 
as  Ethylene-Fluorocarbon  Copolymer  jacket;  FR-21  was 
all  Ethylene-Fluorocarbon  copolymer  (insulation  and 
jacket)  and  FR-22  was  all  Fluorinated  Ethylene  Propy- 
lene (insulation  and  jacket) . 

FR-23,  -24  & -25  were  manufactured  by  Code  I and  em- 
ployed a proprietary  fire-retardant  Cross-linked  Poly- 
olefine compound.  FR-23  and  -25  were  standard  Navy 
MHOF-19  and  2SU-19  cables,  respectively  employing  the 
proprietary  fire-retardant  Cross-linked  Polyolefin  as 
insulation  and  jacket  while  FR-24  was  a standard  Navy 
2SU-19  core  (Polyethylene  insulated)  with  the  propri- 
etary fire-retardant  Cross-linked  Polyolefin  material 
employed  as  a jacket. 

FR-26  & -27  were  manufactured  by  Code  J and  were  stan- 
dard NavyMSCU-14  and  TSGU-50  designs  employing  a high- 
ly fire-retardant  Thermoplastic  Rubber  jacket  compound 

FR-28,  -29,  -30,  -31  and  -32  were  manufactured  by  Code 
K.  FR-28  & -29  were  standard  Navy  TSGU-75  and  TSGA- 
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100  cables  with  no  modifications.  PR-30  was  a merchant 
marine  power  cable  designated  TVAIb-168  in  Specifica- 
tion IEEE-45. 11  It  is  a 3-conductor  168  MCM  power 
cable  w*.th  an  Asbestos  insulation.  Polyvinyl  Chloride 
jacket  and  bronze  armor.  FR-31  and  -32  were  7-conduc- 
tor/#12  AWG  cables.  FR-31  employed  Cross-linked  Poly- 
ethylene insulation  and  Chlorosul fonated  Polyethylene 
jacket  and  FR-32  a dual  Ethy lene-propy lene  Rubber/Poly- 
chloroprene  insulation  and  Polychloroprene  jacket. 

Selection  of  Fire  Per f orman  e Evaluation  Method 


STANDARD  NAVY  TYPE 

3SU-24  Failure  - 8 minutes 

TTSU-30  Failure  - 6 minutes 

3SJ-14  Failure  - 5 minutes 

As  a result  of  this  screening  test,  and  with  the  know- 

ledge that  a wide  variety  of  cable  designs  which  offer 
this  increased  degree  of  fire  protection  were  being 
marketed,  the  prospect  for  improving  the  degree  of  fire 
protection  afforded  by  Navy  cables  was  bright. 


As  stated  previously,  a review  of  the  state-of-the-art 
of  flammability  standards  (military  and  commercial)  was 
included  in  the  scope  of  this  development  program.  The 
objective  of  this  review  was  to  determine  whether  a 
satisfactory  standard  method  for  simulating  shipboard 
cableway  fire  performance  already  existed. 

The  survey  produced  a vast  number  of  recognized  flamma- 
bility standards  used  throughout  the  plastic  industry 
to  evaluate  the  burning  parameters  of  the  polymeric 
materials  comprising  the  bulk  of  an  electric  cables 
mass.  The  reader's  attention  is  called  to  References 
12  to  17  for  detailed  descriptions  of  a representative 
sample  of  these  methods.  Generally  each  method  evalu- 
ates one  or  more  combustion  parameters  and  attempts  to 
rate  materials  or  constructions  for  specific  applica- 
tions. The  most  common  parameters  include: 

(a)  Time  to  ignition 

(b)  Time  to  self-extinction 

(c)  Distance  of  fire  propagation 

(d)  Rate  of  flame  spread 

(e)  Amount  of  heat  released 

(f)  Rate  of  heat  released 

(g)  Nature  of  burning  (i.e.  sparking,  flaming 
droplets,  afterglow,  etc.) 

(h)  Limiting  Oxygen  Index  required  to  sustain 
burning 

In  an  effort  towards  better  correlation  of  laboratory 
test  results  and  real-life  cable  performance,  a recent 
trend  in  the  Wire  and  Cable  Industry  has  been  to  em- 
ploy full-scale  cable  tray  tests.  Even  in  this  limit- 
ed category  seven  tray  test  methods  were  revealed 
during  the  survey  to  be  employed  in  the  industry. 

They  are: 

(a)  Baltimore  Gas  and  Electric  Test1** 

(b)  Philadelphia  Electric  Test19 

(c)  General  Electric  Test2^ 

(d)  Detroit  Edison  Test21- 

(e)  IEEE  Standard  383  Test7 

(f)  Okonite  Testis 

(g)  Raychem  Test22 

After  discussions  with  industry  leaders  and  experimen- 
tal testing  of  standard  Navy  cables  the  IEEE  Standard 
383  Vertical  Tray  Cable  Test  Method  was  selected  as 
most  nearly  fulfilling  our  two  major  requirements. 

These  requirements  were:  first,  simulation  of  a real 

life  Navy  cableway  fire  and  second,  being  widely  ac- 
cepted by  the  wire  and  cable  industry.  As  an  initial 
screening  test,  three  standard  Navy  cables  were  expos- 
ed to  this  evaluation  method  employing  a ribbon  burner 
ignition  source.  The  cables  selected,  representing  a 
variety  of  standard  Navy  cables  specified  in  MIL-C- 
915E,  included  a small  boat  control,  a large  communi- 
cation, and  a fire-proof  telephone  cable  type. 

The  method  requires  the  cables  to  be  mounted  in  verti- 
cal trays  and  exposed  to  a specified  ribbon  burner 
flame  for  a period  of  20  minutes.  Fire  propagation 
along  the  cable*  to  the  top  of  the  eight  foot  tray  (i. 
e.  six  feet  above  the  burner)  is  considered  failure. 
Results  of  this  screening  test  were  as  follows: 


The  next  phase  of  the  screening  process  was  to  deter- 
mine which  of  the  variations  of  this  IEEE  Standard  383 
Method  would  be  employed  in  our  program.  As  written, 
the  Standard  offers  two  choices  for  ignition  source. 

The  first  is  a burlap  cloth,  folded  and  soaked  in  a 
measured  quantity  of  transformer  oil.  The  second  is 
the  propane/air  or  natural  gas/air  ribbon  burner  source 
which  is  nominally  rated  at  “70,000"  BTU/Hr.  Addition- 
ally, there  is  a proposed  variation  of  this  test  which 
employs  a nominal  “210,000"  BTU/Hr.  burner  rating.  In 
an  effort  to  select  a variation,  the  following  screen- 
ing test  was  conducted.  A standard  Navy  cable  was  se- 
lected from  stock  which  displayed  a superior  degree  of 
fire  retardation  when  subjected  to  the  Flammability 
Test  of  MIL-C-915E.  The  particular  sample  selected 
was  a MSCU-61  (fire-proof  control  type)  displaying 
a 5-15  second  burn  time  (of  an  allowable  120  seconds) 
and  a 1/2"  flame  progapation  (of  an  allowable  2") . 

This  sample  was  then  exposed  to  the  three  variations 
of  the  IEEE  Standard  383  Method  described  above . The 
results  were  as  follows: 

Burlap  Cloth  Iqnition  - The  cloth  burned  for  25  min- 
utes and  never  appreciably 
ignited  the  cables  in  the  tray. 
Damage  was  limited  to  the  im- 
mediate area  of  the  cloth. 

The  sample  passed  the  test. 


"70,000“  BTU/Hr.  Burner 

Source  - The  cables  in  the  tray  propa- 
gated the  fire  to  the  top  of 
the  tray  in  14  minutes.  The 
sample  failed. 

"210,000"  BTU/Hr.  Burner 

Source  - The  cables  in  the  tray  pro- 
pagated the  fire  to  the  top 
of  the  tray  in  8 minutes. 
The  sample  failed. 

It  was  apparent  that  the  oil  soaked  burlap  cloth  was 
insufficient  to  ignite  the  cables  (which  have  burned 
under  actual  ships  fire  conditions) . The  "210,000" 
BTU/Hr.  Burner  Source  caused  the  cable  to  fail  in  a 
shorter  time  but  added  *.io  new  insight  over  the  recog- 
nized, industry  wide  standard  method.  As  a result  of 
this  series  of  screening  tests  the  IEEE  Standard  383 
Vertical  Tray  Method  with  ribbon  burner  as  written, 
was  selected  for  evaluation  of  candidate  cables  under 
this  program. 

A Cable  Fire  Test  Facility  was  established  at  the  Nike 
Site  area  of  the  Center.  This  area  is  actively  used 
to  perform  fire  evaluations  for  other  programs  at  the 
Center.  The  Cable  Fire  Test  Facility  consists  of  an 
8X8x8  foot  steel  burning  chamber  with  an  adjacent 
observation  room.  Draft  in  the  burning  room  is  con- 
trolled by  means  of  an  exhaust  blower  and  damper  set 
at  a level  so  that  no  measurable  draft  is  present  on 
the  cable  tray  for  at  least  4 feet  above  the  burner. 
Experience  has  taught  that  cables  which  propagate  to 
this  level  usually  will  propagate  to  the  top  of  the 
tray  (6  feet  above  the  burner)  and  fail  the  evalua- 
tion. In  addition  to  monimeters  and  flow-meters  in 
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the  propane  and  air  lines  to  the  burner,  the  tray  is 
fully  instrumented  with  thermocouples  at  1 foot  inter- 
vals. A mult  1 -channel  recorder  is  employed  to  provide 
a temperature  profile  of  the  fire  propagation.  A view 
port  for  photographical ly  recording  each  burn  is  also 
present.  Photographic  slides  are  taken  at  1 minute 
intervals  during  each  burn  to  record  the  rate  of  fire 
spread  and  give  some  insight  into  the  amount  of  smoke, 
sparks,  and  dripping  (if  any)  displayed.  The  burner 
flame  is  standardized  by  controlling  the  propane  and 
air  pressure  at  the  mix«-r  as  described'  in  the  document^ 
(i.e.  propane  pressure  of  -2b  *■  3 mm  H2O;  air  pres- 
sure of  43  ♦ 5 mm  H2O  at  mixer  input  ports) . 

It  is  emphasized  that  the  flame  is  controlled  by  set- 
ting the  propane  and  air  pressure  levels  as  described 
in  the  IEEE  Standard.  There  is  wide  controversy  about 
the  term  "70,000  BTU/Hr."  which  is  generally  associ- 
ated with  this  pressure  level.  For  that  reason  all 
references  to  BTU/Hr.  levels  will  be  placed  in  quota- 
tion marks.  They  are  included  only  because  of  their 
wide  use  m industry  but  their  validity  is  suspected 
and  caution  is  advised  in  using  this  descriptive  term. 

Procedures 

A comprehensive  laboratory  program  was  established  to 
evaluate  the  physical,  electrical  and  chemical  perfor- 
mance of  the  highly  fire  retardant  candidate  samples 
received  in  the  course  of  this  investigation.  The 
primary  consideration  was  improved  fire  retardance; 
therefore  all  samples  were  exposed  to  the  IEEE  Stan- 
dard 383  Vertical  Tray  Flammability  Method  using  the 
ribbon  burner  Lgnition  source.  These  evaluations  were 
performed  at  the  Cable  Fire  Test  Facility  of  the  Cen- 
ter under  fully  controlled  and  instrumented  laboratory 
conditions.  As  a general  rule,  this  evaluation  was 
performed  first  and  those  samples  which  demonstrated 
insufficient  fire  retardation  to  successfully  pass 
were  eliminated  from  further  evaluation.  In  some 
instances  additional  data  was  gathered  on  failing 
samples  in  order  to  provide  engineering  data  for  com- 
parison purposes. 

Due  to  the  large  number  of  samples  received  and  the 
wide  variety  of  military  and  commercial  types  repre- 
sented, the  primary  objective  of  the  evaluations  per- 
formed was  to  determine  the  performance  parameters  of 
the  materials  employed  rather  than  the  construction. 

In  some  instances,  a number  of  samples  were  submitted 
by  one  manufacturer,  each  employing  the  same  jacket 
and/or  insulation.  As  an  example  FR-1,  -2  and  -3  were 
identical  in  all  respects  except  the  number  of  con- 
ductors present.  Evaluations  of  jacket  material  per- 
formance (as  in  compatibility  with  common  ships' 
fluids)  could  therefore  be  limited  to  FR-1  only.  In 
other  samples,  the  number  of  parameters  evaluated  was 
limited  by  the  short  length  of  sample  supplied. 

In  addition  to  the  IEEE  Standard  383  flammability 
evaluation,  samples  were  generally  subjected  to  those 
portions  of  MIL-C-915E  consistant  with  their  use  and/ 
or  construction.  For  non-Navy  samples  the  require- 
ments of  the  closest  Navy  type  were  employed. 

Results 

Data  gathered  during  the  comprehensive  laboratory 
evaluation  phase  of  this  development  effort  are  de- 
tailed in  the  following  paragraphs  and  tables: 

Vertical  Tray  FI ammabi 1 1 ty 

Results  of  the  IEEE  Standard  383  evaluation  are  pre- 
sented in  Table  1.  The  number  of  specimens  of  each 
sample  in  the  tray  was  determined  by  loading  the  tray 
(using  a 1/2  diameter  spacings)  with  enough  lengths 
of  each  -able  to  fill  at  least  the  central  6- inch 


section  of  the  tray  as  specified  in  the  standard.  The 
number  of  lengths  of  a particular  sample,  therefore, 
was  a function  of  the  overall  diameter  of  the  sample. 
Table  1 indicates  the  number  of  lengths  in  the  tray 
for  each  sample,  the  cable  type  and  the  general  mater- 
ial class  designation  for  the  insulation  and  jacket 
employed.  Propagation  to  the  top  of  the  tray  16  feet 
above  the  burner)  indicated  failure  in  the  time  noted. 
Most  samples  that  did  not  propagate  to  the  top  of  the 
tray  (passing)  would  extinguish  immediately  when  the 
burner  was  turned  off  (at  the  20  minute  mark).  In  some 
instances  the  samples  continued  to  burn  after  the 
burner  was  turned  off  (afterburn)  but  did  not  propa- 
gate. The  time  these  samples  self -extinguished  is  also 
noted.  It  is  noted  that  sample  FR-7  was  not  evaluated 
since  it  was  a larger  version  of  FR-6  incorporating 
a larger  number  of  polyethylene  insulated  pairs.  The 
fire-retardant  PVC  jacket  on  FR-7  was  identical  to  that 
which  already  failed  on  FR-5  and  FR-6.  Evaluation  of 
FR-7  was  therefore  not  performed. 

Visual  and  Dimensional 

Visual  observations  and  constructional  dimensions  for 
each  sample  are  presented  in  the  report^  in  complete 
detail  for  readers  desiring  this  information.  A brief 
description  of  each  sample,  including  manufacturer 
(Coded) , type  and  general  materials  employed  is  pre- 
sented in  the  "Sample  Description"  section  of  this 
paper.  It  is  noted,  that  in  general  the  performance  of 
a particular  sample  does  not  represent  the  manufactur- 
er's ability  to  produce  fire-retardant  cables  since  all 
cable  manufacturers  can  process  a variety  of  formula- 
tions of  many  basic  insulation  and  jacket  materials. 

Physical  Properties  and  Compatibility 

The  results  of  tensile  strength  and  elongation  measure- 
ments on  selected  jacket  samples  in  the  "as  received" 
condition  as  well  as  after  10-day,  room-temperature 
exposure  to  common  ships'  fluids  (distilled  water,,  fuel 
oil,  hydraulic  fluid  and  battery  electrolyte)  are  pre- 
sented in  Tables  3 & 4.  For  comparison  purposes  typi- 
cal requirements  ofr  current  standard  Navy  jackets  are 
1800  psi  minimum  tensile  strength  and  225%  minimum 
elongation  in  the  "as  receiver"  condition.  There  are 
no  current  requirements  for  compatibility  with  ships 
fluids  but  data  was  obtained  to  provide  insight  in  the 
event  of  a "spill"  situation  aboard  ship. 

Bending  and  Twisting  Endurance 

Low  temperature  bending  and  twisting  endurance  results 
are  presented  in  Table  5.  Of  the  32  samples  received, 
samples  FR-6,  FR-23,  FR-24  and  FR-25  employed  essen- 
tially cores  of  standard  Navy  cable  type  (2SU  or  MHOF) 
designed  for  flexing  service.  These  samples  were 
therefore  subjected  to  this  evaluation.  In  addition 
sample  FR-1 7 was  included  since  it  is  similar  to  a 
Navy  type  TTRS  which  would  require  bending  and  twisting 
endurance.  Sample  FR-18  was  included  as  a comparison 
to  sample  FR-6  which  are  both  manufactured  by  the  same 
company.  Sample  FR-6  failed  the  Vertical  Tray  Flamma- 
bility Evaluation  and  the  manufacturer  modified  the 
compound  of  the  jacket  material  and  resubmitted  it  on 
sample  FR-18  which  passed  the  flammability  evaluation. 
Information  on  the  effect  of  the  recompound inq  on  the 
low-temperature  flexing  properties  was  desired.  Two 
specimens  of  each  cable  sample  were  evaluated.  For 
comparisons  purposes,  standard  Navy  cables  designed 
for  the  low-temperature  flexinq  service  require  a 
minimum  of  2000  cycles  to  failure  at  -30°c. 


TABLE  1 


Vertical  Tray  Flammability  Data 


Sample  No. 

Typ« 

Gene 
Material 
I nsulat ion 

ral 

Class* 

Jacket 

No.  In 
Tray 

Results  (Comments) 

FR-1 

Control 

F.PR/H 

H 

6 

Passed  (extinguished  at  30  minutes) 

FR-2 

Control 

EPR/H 

H 

4 

Passed  (extinguished  at  36  minutes) 

FR-3 

Control 

EPR/H 

H 

4 

Passed  (extinguished  at  38  minutes) 

FR-4 

Comrnuni cat  ions 

PE 

PU 

5 

Failed  (11  minutes) 

FR-5 

Telephone 

S 

PVC 

6 

Failed  (11.5  minutes) 

FR-6 

Communicat ions 

PE 

PVC 

5 

Failed  (10  minutes) 

FR-7 

Communications 

PE 

PVC 

- 

(not  tested;  see  text) 

FR-8 

Control 

TPR 

PU 

11 

Failed  (6  minutes) 

FR-9 

Telephone 

S 

PVC 

5 

Passed  (extinguished  at  25  minutes) 

FR-10 

Control 

TPR 

PU 

11 

Failed  (8  minutes) 

FR-1 1 

Communications 

PE 

PU 

5 

Failed  (10  minutes) 

FR-12 

Control 

PA/K 

PO 

10 

Passed 

FR-1 3 

Telephone 

PA/K 

PO 

8 

Passed 

FR-1 4 

Telephone 

S 

ETFE 

5 

Passed  (extinguished  at  30  minutes) 

FR-1 5 

Control 

PA/K 

PO 

9 

Passed 

FR-16 

Control 

PA/K 

PO 

10 

Passed 

FR-17 

Communications 

PA/K 

PO 

7 

Passed 

FR-18 

Telephone 

S 

PVC 

5 

Passed  (extinguished  at  27  minutes) 

FR-19 

Control 

S 

FEP 

5 

Passed 

FR-20 

Control 

S 

ETFE 

7 

Passed 

FR-2 1 

Control 

ETFE 

ETFE 

7 

Passed 

FR-22 

Control 

FEP 

FEP 

7 

Passed 

FR-23 

Control 

PO 

PO 

7 

Passed 

FR-24 

Communications 

PE 

PO 

5 

Failed  (27  minutes) 

FR-25 

Communications 

PO 

PO 

5 

Passed 

FR-26 

Control 

S 

TPR 

6 

Failed  (7  minutes) 

FR-27 

Power 

S 

TPR 

5 

Failed  (14  minutes) 

FR-28 

Power 

S 

PVC 

4 

Passed  (extinguished  at  34  minutes) 

FR-29 

Power 

S 

PVC 

4 

Passed  (extinguished  at  25  minutes) 

FR-30 

Power 

AV 

PVC 

3 

Passed 

FR-31 

Control 

XLP 

H 

4 

Passed 

FR-32 

Control 

EPR/N 

N 

4 

Passed 

(*)  See  Table  2 

General  material  class  designations  employed  in  the  data  tables  are  identified  in  Table  2. 


Watertightness 

Ten  of  the  thirty  two  candidate  samples  employed  water- 
tight constructions  and  were  evaluated.  Results  are 
presented  in  Table  6.  Leakage  (in  cubic  inches)  is 
reported  for  each  sample  after  a 6 hour,  25  psi  expo- 
sure. The  percent  of  full  contract  price  ^ is  based 
on  the  total  circular  mil  area  of  the  conductors. 

Scrape-Abrasion  Resistance 

Results  of  scrape-abrasion  resistance  evaluations  per- 
formed on  21  candidate  fire-retardant  constructions 
are  presented  in  Table  7.  Present  Navy  standard  for 
conductors  insulated  with  silicone  rubber  employing  a 
polyamide  insulation  jacket  (for  mechanical  protection 
of  the  individual  insulated  conductor)  require  an 
average  minimum  of  200  scrapes  to  failure.  Table  7 
lists  the  primary  insulation  and  insulation  jacket  (if 
any)  employed  as  well  as  the  basic  copper  conductor 
size  since  the  evaluation  procedure  yields  results 
that  are  a function  of  geometry  with  samller  conductors 
(i.e.  16  AWG  and  Navy  3/5  (7)  sizes)  receiving  more 
severe  treatment  compared  to  larger  sizes  (12  AWG 
sizes  and  Navy  2 1/2  (19)). 

RF  Communications  Cnaracteristics 


The  mutual  capacitance,  capacitance  unbalance  and 
haracteristic  impedance  of  the  5 shielded  twisted 
pair  candidate  communication  cables  were  determined 
at  1 MHz  and  is  presented  in  Table  8.  The  candidates 


were  generally  constructed  to  either  Navy  Type  TTRS  or 
2SU  specifications.  Current  requirements  for  Standard 
Navy  TTRS  cables  are: 

Mutual  Capacitance  - 28  pf/ft  max. 

Capacitance  Unbalance  - 10%  max. 
Characteristic  Impedance  - 75-90  ohms. 

Similar  requirements  for  Standard  Navy  2SU  types  are: 

Mutual  Capacitance  - 30  pf/ft  max. 

Capacitance  Unbalance  - 8%  max. 
Characteristic  Impedance  - 75  ♦ 5 ohms. 

It  is  noted  that  FR-17  was  not  constructed  to  either 
Navy  standard  type  but  was  a general  purpose  shielded 
twisted  pair  communication  cable.  Its  characteristics 
are  presented  for  informational  purposes. 

Flammability  (MIL-C-915E) 

Results  of  flammability  evaluations  on  19  candidate 
samples  are  presented  in  Table  9.  Data  includes  time 
to  ignition,  burning  time  and  flame  travel  distance. 
Present  requirements  for  unarmored  standard  Navy  cables 
are  for  a minimum  of  30  seconds  to  the  time  of  igni- 
tion, a maximum  of  120  second  burning  time  and  a maxi- 
mum flame  travel  of  2 inches. 
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tabu:  2 


DISCUSSION 


General  Material  Class  Designations 


Des Ignat  ion 

Mater I al 

AV 

Asbestos  - Varnished  Cambric 

EPR 

Ethylene  - Propylene  Rubber 

ETFE 

Ethylene  - Fluorocarbon  Copolymer 

FEP 

Fluormated  Ethylene  Propylene 

H 

Chlorosulfunated  Polyethylene 

K 

Polyviny lidene  Fluoride 

N 

Polychloroprene 

PA 

Polyalkene 

PE 

Polyethylene 

PO 

Polyolefin 

PU 

Polyurethane 

PVC 

Polyvinyl  Chloride 

S 

Sill cone  Rubbe  r 

TPR 

Thermoplastic  Rubber 

XLP 

Crosslinked  Polyethylene 

Gas  Flame 

Four  of  the  candidate  samples  employed  a Navy  Type 
n.  U oasic  core  and  were  subjected  to  the  3 hour  gas 
flame  evaluation  to  determine  their  ability  to  main- 
tain electrical  integrity  during  fire  conditions, 
.ample  FR-9  passed  the  3-hour  evaluation  while  samples 
FR-  , FR-14  and  FR-18  failed  at  15,  9 and  49  minutes, 
respectively . 

Cold  Bend 

A cold-tend  evaluation  was  conducted  on  the  following 
nineteen  selected  candidate  samples:  FR-1,  -2,  -3, 

-5,  -8,  -9  and  -12  through  -23  inclusive.  Each  sample 
was  conditioned  at  -20°C  and  then  wrapped  around  a 
mandrel  of  12X  its  overall  diameter.  All  samples 
passed  this  evaluation  with  no  cracking  or  derangement 
of  the  jacket  or  core  materials. 

P ermanence  of  Printing 

The  legibility  of  printed  identification  on  9 candi- 
date insulated  conductors  and  9 candidate  jackets  (not 
necessarily  the  same  nine  samples)  was  evaluated  and 
results  are  presented  in  Table  10.  Printing  legi- 
bility on  current  standard  Navy  cables  must  be  main- 
tained for  a minimum  of  50  cycles  on  an  insulated  con- 
ductor and  a minimum  of  250  cycles  on  outer  jacket 
printing. 


In  reference  to  the  IEEE  Standard  383  Flammability  per- 
formance of  the  candidate  samoles,  it  is  noted  that  a 
wide  variety  of  materials  ana  constructions  can  be  for- 
mulated to  perform  satisfactorily.  This  eliminates 
the  fear  that  only  special  proprietary  materials  will 
provide  the  increased  degree  of  fire  retardancy  re- 
quired. Among  the  jacket  materials  passing  this  evalu- 
ation were  fire  retarded  chlorosulphonated  polyethy- 
lene, polyvinyl  chloride,  crosslinked  polyolefin,  ethy- 
lene-fluorocarbon copolymer,  fluoronated  ethylene-prop- 
ylene and  polychloroprene . 

As  expected,  the  cable  core  played  a large  part  in  the 
fire-retardant  nature  of  the  overall  design  in  some 
construction  types.  The  most  critical  primary  insula- 
tion was  the  polyethylene  employed  in  twisted  pair  com- 
munications cables.  Consider  the  results  of  Samples 
FR-24  and  -25.  Both  samples  were  manufactured  by  the 
same  company.  Sample  FR-24  employed  a standard  Navy 
Type  2SU-19  core  (19  twisted  pairs  insulated  with  poly- 
ethylene) and  a highly  fire-retardant  crosslinked  poly- 
olefin jacket.  Fearing  that  the  fire-retardant  jacket 
would  not  protect  the  highly  flammable  core,  the  manu- 
facturer also  submitted  Sample  FR-25  which  employed  the 
same  highly  fire-retardant  crosslinked  polyolefin  as 
insulation  and  jacket.  As  expected  the  standard  core 
cable  failed  although  its  fire  retardant  jacket  slowed 
the  propagation  to  such  an  extent  that  it  took  27  min- 
utes (7  minutes  after  the  burner  was  turned  off)  to 
propagate  to  the  top  of  the  tray.  Sample  FR-25,  with 
the  improved  core  would  not  propagate  and  as  shown  in 
the  RF  Characteristics  section  of  the  Results,  poss- 
essed characteristic  impedance  and  capacitance  para- 
meters at  1 MHz  within  the  limits  of  the  specification. 
Sample  FR-17,  employing  a polyalkene/polyvinylidene 
flouride  dual  insulation  on  a communication  cable,  is 
another  possible  approach  to  the  solution  of  the  flam- 
mable polyethylene-insulated  communications  cable  pro- 
blem. 

A major  problem  area  revealed  during  this  evaluation 
was  the  poor  low-temperature  twisting  and  bending  per- 
formance of  the  highly  fire-retardant  cables.  As  shown 
in  Table  5 none  of  the  fire-retardant  samples  performed 
to  recognized  levels  of  acceptance  during  the  -30°C  en- 
durance evaluations  (note  that  sample  FR-6  did  not  pass 
the  vertical  tray  flammability  evaluation) . While 
bending  endurance  failures  appear  regularly  during 
standard  Navy  inspections,  twisting  endurance  is  very 
rarely  a problem  and  all  candidate  samples  exhibited 
poor  twisting  and  bending  endurance  properties.  It  is 


TABLE  3 

Tensile  Strength  Data 


Tensile  Strength,  Psi 

Hydraulic 

Sample 

Material* 

As  Received 

Distilled  Water 

Fuel  Oil 

Fluid 

Electrolyte 

FR-1 

H 

2290 

1865 

1290 

1930 

2110 

FR-4 

PU 

3401 

2645 

2065 

1900 

2970 

FR-5 

PVC 

2150 

2120 

2150 

1975 

2185 

FP-9 

PVC 

1340 

1385 

1260 

1360 

1335 

FR-11 

PU 

2200 

1155 

960 

675 

1405 

FR-16 

PO 

1770 

1800 

1370 

1515 

3365 

FR-17 

PO 

2330 

2350 

1390 

2380 

2200 

FR-18 

PVC 

1860 

1830 

1955 

1775 

1885 

FR-24 

PO 

2395 

2046 

1415 

2320 

2440 

FR-25 

PO 

1545 

2425 

1530 

2275 

2350 

FR-26 

TPR 

1760 

1880 

1185 

950 

1966 

FR-27 

TPR 

1965 

1990 

1155 

1045 

1835 

FR-28 

PVC 

3030 

3045 

2965 

3220 

3135 

FR-29 

PVC 

3150 

3185 

2760 

2925 

3010 

FR-31 

H 

2285 

2325 

1255 

1595 

2240 

■ 


TABLE  4 


Elongation  Data 


■ ■ 

Elongation,  % 

Sample 

Material* 

As  Received 

Distilled  Water 

Fuel  Oil 

Hydraulic 

Fluid 

Electrolyte 

FR-1 

H 

355 

370 

425 

365 

345 

FR-4 

PU 

480 

495 

515 

390 

445 

FR-5 

PVC 

335 

345 

265 

325 

360 

FR-9 

PVC 

245 

240 

170 

295 

245 

FR-ll 

PU 

300 

280 

310 

245 

385 

FR-1 6 

PO 

50 

25 

395 

212 

110 

FR-17 

PO 

410 

420 

345 

425 

355 

FR-18 

PVC 

270 

285 

260 

335 

295 

FR-24 

PO 

330 

250 

280 

305 

310 

FR-25 

PO 

365 

275 

310 

225 

295 

FR-26 

TPR 

405 

445 

4 30 

335 

450 

FR-27 

TPR 

425 

460 

395 

335 

445 

FR-28 

PVC 

345 

335 

345 

395 

365 

FR-29 

PVC 

330 

365 

340 

360 

350 

FR-31 

H 

305 

385 

4/5 

355 

385 

•See  Table  2. 


TABLE  S 

Flexing  & Bending  Endurance  Data 


Cycles  to  Failure 


Sample 

Bending 

Twisting 

Specimen 

1 

Specimen 

2 

Specimen 

1 

Specimen 

2 

FR-6 

870 

450 

— 

2000+ 

FR-17 

110 

1 

190 

100 

FR-18 

960 

660 

1085 

365 

FR-23 

430 

805 

1130 

1225 

FR-24 

310 

345 

— 

380 

FR-25 

310 

40 

400 

330 

TABLE  6 


Watertightness  Data 


Sample 

. . .3 

Leakage,  in. 

Contract  Price 
Category,  (%) 

FR-9 

0.4 

100 

FR-14 

26.1 

Rejection 

FR-1 5 

0 

100 

FR-16 

0 

100 

FR-17 

2.4 

95 

FR-18 

38.7+ 

Rejection 

FR-26 

58.0 

Rejection 

FR-27 

311. 

Rejection 

FR-28 

7.1 

95 

FR-29 

0 

100 

possible  that  some  compounding  changes  may  improve  this 
performance  level,  but  it  appears  that  low  temperature 
flexibility  is  the  major  material  performance  parameter 
to  be  traded  off  against  superior  fire  retardance  in 
cable  design.  For  the  shipboard  application  though 
this  may  not  be  a serious  problem  since  those  cables 
requiring  low  temperature  flexibility  are  generally  in 
exposed  (weather  deck)  locations  where  fire  risks  may 
not  be  as  critical  as  in  passageways  and  internal  com- 
partments and  spaces.  It  is  emphasized  that  the  pro- 
blem is  with  flexibility  (i.e.  repeated  flexing)  and 
not  bendability  since  all  samples  passed  the  -20®C  Cold 
Bend  evaluation. 

Minor  problems  were  discovered  in  watertightness, 
scrape  abrasions,  permanence  of  printing,  and  gas  flame 


performance  evaluations.  These  are  not  considerec 
major  problem  areas  in  that  careful  attention  during 
manufacturing  can  correct  these  deficiencies  without 
adversely  affecting  fire  performance.  As  an  example. 
Samples  FR-5,  -14  and  -18  all  employed  Standard  Navy 
Type  TTSU-20  telephone  cores  manufactured  by  the  same 
company  and  all  exhibited  gas  flame,  permanence  of 
printing  and  watertightness  (sample  FR-5  not  evaluated 
failures.  This  is  unusual  performance  in  light  of  pre- 
vious experience  with  this  manufacturer  ana  cable  type 
and  it  may  well  be  that  suppliers  chose  to  use  a stan- 
dard Navy  core  which  had  been  rejected  as  a basis  for 
the  evaluation  of  fire  retardant  jacket  materials 
rather  than  discard  the  core. 

All  other  data  gathered  appears  within  the  acceptable 
tolerance  for  current  standard  Navy  cables  of  similar 
construction. 

A question  has  been  railed  recently  about  th<  relative 
affect  of  removing  the  braided  aluminum  armor  on  the 
fire  retardancy  of  Navy  shipboard  cables.  While  no 
conclusion  cam  fairly  be  drawn  from  one  comparison,  it 
is  of  interest  to  consider  the  fire  performance  of 
samples  FR-29  and  -30.  Both  were  manufactured  by  the 
same  supplier  and  employed  the  same  insulation  and 
jacket  compounds.  Sample  FR-29  was  a three  conductor, 
75  MCM  unarmored  power  type  while  Sample  FR-29  was  a 
slightly  larger  three  conductor,  100  MCM  armored  type. 
Both  passed  the  vertical  tray  evaluation. 

CONCLUSIONS  AND  COMMENTS 

As  a result  of  this  investigation,  the  following  con- 
clusions are  drawn  and  limitations  are  discussed. 

• Improved  fire-retardant  performance  in  standard 
ships  cabling  is  feasible  without  major  sacrifice  to 
other  required  physical,  electrical,  or  chemical  prop- 
erties with  exception  of  low  temperature  flexibility. 

• A wide  variety  of  cable  insulation  and  jacket 
materials  can  be  employed  to  provide  this  increased 
fire  retardancy,  thus  insuring  adequate  supply. 

• The  IEEE  Standard  383  Vertical  Tray  Flammabi)  ity 
procedure  employing  a ribbon  burner  ignition  source 
and  draft  controls  represents  a suitable  laboratory 
tool  for  the  evaluation  of  fire  propagation  along  a 
cableway.  It  is  limited  in  that  is  does  not  attempt 

to  evaluate  the  smoke,  toxic  and/or  corrosive  products 
generated  during  the  fire. 
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TABLE  7 


Scrape  Abrasion  Data 


Sample 

Material  Designation* 

Conductor 

Size 

Average  Scrape 
Cycles  to  Failure 

Primary 

Insulation 

Insulation  Jacket 
(if  any) 

FR-1 

EPR 

H 

16  AWG 

25 

FR-2 

EPR 

H 

16  AWG 

30 

FR-3 

EPR 

H 

16  AWG 

25 

FR-5 

S 

N 

Navy  3/5  (7) 

65 

FR-8 

TPR 

- 

16  AWG 

170 

FR-9 

S 

N 

Navy  3/5  (7) 

55 

FR-10 

TPR 

- 

16  AWG 

50 

FR-1 2 

PA 

K 

Navy  3/5  (7) 

175 

FR-1 3 

PA 

K 

22  AWG 

10 

FR-1 4 

S 

N 

Navy  3/5  (7) 

55 

FR-15 

PA 

K 

Navy  2 (7) 

155 

FR-16 

PA 

K 

Navy  2 (7) 

320 

FR-1 7 

PA 

K 

Navy  3/5  (7) 

45 

FR-18 

S 

N 

Navy  3/5  (7) 

105 

FR-19 

S 

N 

14  AWG 

500+ 

FR-20 

s 

N 

14  AWG 

500+ 

FR-21 

ETFE 

- 

12  AWG 

500+ 

FR-22 

FEP 

- 

14  AWG 

500+ 

FR-23 

PO 

- 

Navy  2 1/2  (19) 

500+ 

FR-24 

PE 

N 

Navy  3/5  (7) 

500+ 

FR-2  5 

PO 

Navy  3/5  (7) 

55 

: 

TABLE  8 


Communications  Data  (1  MHz) 


Sample 

Basic 

Navy 

Type 

Capacitance 

(pf/ft) 

Capacitance 

Unbalance 

(%) 

Characteristic- 

Impedance 

(ohms) 

FR-4 

TTRS 

23.2 

4.5 

78.4 

FR-6 

2SU 

23.9 

5.3 

79.6 

FR-17 

— 

37.7 

6.3 

60.2 

FR-24 

2SU 

23.5 

1.4 

83.2 

FR-25 

2SU 

25.3 

. 

1.2 

79.8 

TABLE  9 TABLE  10 

Flammability  (MIL-C-915E)  Data  Permanence  of  Printing  Data 


, ample 

Ignition  Time 
(sec. ) 

Burning  Time 
(sec. ) 

Flame  Travel 
(in. ) 

FR-4 

70 

95 

4 1/4 

FR-8 

59 

14 

3 1/4 

FR-9 

110 

36 

1 1/2 

FR-10 

68 

56 

2 

FR-11 

64 

56 

2 1/4 

FR-L2 

34 

21 

1/4 

FR-1 3 

110 

12 

1 

FR-14 

T* 

** 

* * 

FR-15 

120 

32 

1 

FR-16 

38 

27 

3/4 

FR-17 

81 

31 

3/4 

FR-18 

32 

18 

1/4 

FR-19 

** 

** 

* * 

fr-  :o 

** 

* * 

FR-21 

** 

** 

* * 

FR-  >2 

<r+ 

** 

* * 

FR-2  3 

02 

46 

1 1/2 

FR-24 

70 

5 

1/4 

FR-25 

72 

- . 

42 

1/2 

••Sample  failed  to  ignite  after  200  second 
exposure. 


Sample 

1 Cycles  to  Illegibility 
| Insulation  Jacket 

FR-1 

>50 



FR-2 

>50 

— 

FR-3 

>50 

— 

FR-5 

<10 

— 

FR-8 

— 

<50 

FR-9 

<50 

>250 

FR-10 

— 

<50 

FR-12 

— 

<200 

FR-13 

— 

>250 

FR-14 

<25 

— 

FR-15 

— 

>250 

FR-16 

>50 

<20 

FR-17 

>50 

>250 

FR-18 

<20 

>250 

While  the  conclusions  drawn  are  encouraging,  they  must 
not  be  interpreted  as  the  final  answer  to  the  very 
serious  Navy  cableway  fire  problem.  It  is  noted  that 
the  accompanying  problems  of  smoke  generation  and 
toxic  products  of  combustion  of  cable  materials  when 
burned  has  not  been  addressed  and  no  safe  performance 
levels  are  presently  required.  Smoke  and  toxic  gases 
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generated  during  the  ship's  fire  (particularly  in  a 
submarine)  directly  affect  the  safety,  health,  and 
lives  of  the  crew  and  impede  the  mission  capability  of 
the  ship.  In  addition,  corrosive  products  of  combus- 
tion can  greatly  increase  the  damage  caused  even  by  a 
small  fire. 

It  should  be  pointed  out  that  changing  one  of  the 
characteristics  of  a cable  insulation  and/or  jacket 
material  can  not  be  done  without  substantially  affect- 
ing other  characteristics.  For  example,  in  the  chemi- 
cal structure  a change  to  reduce  the  rate  of  fire 
spread  will  also  change  the  electrical  properties  of 
the  insulating  materials  and  its  toxic  properties 
when  the  cable  is  ignited  and  does  burn.  If  one  of 
the  halogen  family,  such  as  chlorine,  is  added  to  the 
insulation  of  the  cable,  it  is  found  that  the  flame 
spreadability  rate  is  substantially  lessened  but  the 
toxic  production  rate  when  the  cable  is  ignited  is 
often  increased  and  many  of  the  toxic  products  are 
lethal  to  personnel.  The  final  solution  to  the  cable 
fire  problem  must  consider  the  overall  problem  since 
the  physical,  electrical,  chemical,  and  toxic  proper- 
ties of  the  material  are  not  mutually  independent.  At 
best  only  a solution  that  strikes  a good  balance  among 
these  characteristics  can  be  found,  especially  when 
dealing  with  the  hydrocarbon  type  of  insulation.  It 
is  suggested  that  the  best  solution  would  be  one  in 
which  the  insulating  and  jacketing  materials  would 
not  smoke,  smolder,  nor  burn  and  in  which  good  elec- 
trical insulating  and  other  characteristics  were  to 
De  found.  Hope  for  such  a material  may  be  found  in 
inorganic  materials. 

RECOMMENDATIONS 

It  is  recommended  that  the  Flammability  requirements 
of  MIL-C-915E  be  superseded  by  a new  vertical  tray 
flammability  procedure  modeled  after  the  ribbon  burner 
variation  of  IEEE  Standard  383-1974. 7 This  new  per- 
formance requirement  should  be  enforced  for  all  cable 
types  except  those  requiring  low-temperature  flexi- 
bility performance  (the  bending  and  twisting  endurance 
requirements) . 

It  is  recognized  that  this  change  will  have  major  im- 
pact on  Navy  cable  suppliers  and  a transitionary  per- 
iod may  be  in  order.  To  aid  in  the  transition  it  is 
recommended  that  Naval  Ship  Engineering  Center, 
Hyattsville,  Md.  (NAVSEC)  conduct  an  industry-wide 
meeting  or  series  of  meetings  to  discuss  the  proposed 
changes  and  remedy  any  problems  which  arise. 

FUTURE  WORK 

Work  discussed  in  this  paper  completes  Center  efforts 
on  the  first  of  four  areas  related  to  the  shipboard 
rable  fire  problem,  that  of  propagation  of  fire  along 
caoleways.  Work  will  continue  within  funding  limita- 
tions on  methods  of  evaluation  and  reduction  of  the 
smoke,  and  toxic  and  corrosive  products  generated 
during  the  combustion  of  ships  cable  materials.  The 
implementation  of  stricter  flammability  requirements 
recommended  herein  will  rjave  an  immediate  direct  im- 
pact on  the  smoke,  toxic  and  corrosive  products  prob- 
lem by  reducing  the  amount  of  cable  consumed  during 
mv  conflagration. 

tn  addition,  work  is  continuing  on  a related  task, 
with  the  U.S.  Coast  Guard,  seeking  to  extend  the  im- 
pact of  improved  fire  retardant  cable  technology  to 
the  merchant  marine  fleet  and  oil  rig  applications . 
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A Test  Method  for  Measuring  and  Classifying 
the  Flame  Spreading  and  Smoke  Generating 
Characteristics  of  Communications  Cable 
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Abstract 

A test  method  to  characterize  flame  spread 
and  smoke  production  of  cables  has  been 
developed,  and  a classification  scheme  for 
grouping  and  reporting  the  test  results  is 
proposed.  The  method  uses  the  Steiner  Tunnel 
as  the  test  facility  and  is  similar  to  ASTM 
E-84  with  the  exceptions  that  a cable  rack  is 
used  for  mounting  the  samples  in  the  upper 
part  of  the  tunnel  and  the  test  time  has  been 
extended  to  twenty  minutes. 

Introduction 

The  widespread  use  of  plastic  insulated  com- 
munications cable  in  plenums  over  the  past  20 
years  has  been  recognized  in  the  National 
Electrical  Code.  As  of  1975,  it  contained  a 
provision  that  "Conductors  having  inherent 
fire-resistant  and  low  smoke  producing  charac- 
teristics approved  for  the  purpose,  shall  be 
permitted  for  ducts,  hollow  spaces  used  as 
ducts,  and  plenums..."1  The  Code  stops  at 
that  point  and  does  not  define  either  the  pro- 
cedure for  measuring  flame  and  smoke  proper- 
ties, or  the  acceptable  levels  of  performance. 
Some  localities  have  attempted  to  utilize 
existing  tests  and  have  specified  minimum 
flame  spread  and  smoke  ratings  per  ASTM  E-84, 
"The  Surface  Flame  Spread  of  Materials  Test." 
E-84  is  a building  materials  test  which  is 
not  intended  to  apply  to  cable. 

This  lack  of  standards  has  been  a source  of 
confusion  and  controversy.  To  an  architect 
designing  a minimum  cost  office  building, 
the  plenum  is  an  attractive  area  to  place 
communications  cable,  for  it  saves  the  ex- 
pense of  under-the-f loor  conduit  (which  is 
the  installation  method  generally  recommended 
by  the  telephone  companies) . Some  localities 
have  permitted  cable  installations  in  plenums 
while  others  have  not. 

In  cooperation  with  Bell  Laboratories  and 
manufacturers  of  wire  and  cable.  Underwriters 
Laboratories  has  undertaken  to  develop  a 
method  and  a classification  scheme  for  flame 
spread  and  smoke  production  of  wire  and  cable. 
This  effort  has  resulted  in  a test  method 
which  uses  the  Steiner  Tunnel^  (the  ASTM  E-84 
facility)  as  the  test  apparatus.  The  test 
method  is  similar  to  ASTM  E-84  except  a cable 
rack  has  been  introduced  and  the  test  duration 
is  twice  as  long. 


S.  Kaufman 
M.  M.  Yocum 

Bell  Laboratories 
Norcross,  Georgia 


Objectives 

Two  objectives  in  developing  a test  method 
for  communication  wire  and  cable  were: 

1.  To  provide  a numerical  rank  ordering 
of  the  flame  spread  and  smoke  produc- 
ing characteristics,  and 

2.  To  provide  a test  condition  that  would 
be  meaningful  with  respect  to  actual 
fire  conditions. 

For  rank  ordering  flame  spread  characteris- 
tics, it  is  necessary  that  the  test  specimens 
be  sufficiently  long.  Quantification  of 
smoke  requires  that  there  be  a means  for  con- 
fining the  smoke  and  making  appropriate 
measurements . 

For  the  test  to  be  meaningful  with  respect  to 
actual  fire  conditions,  the  following  provi- 
sions are  necessary: 

1.  A high  heat  flux  characteristic  of 
actual  fires1  (6-7  watt/cir.2)  is 
needed. 

2.  Large  flame  coverage  of  the  test 
samples  is  needed  in  order  to  pro- 
vide a high  heat  input  to  the  cables. 


3.  The  test  sample  should  be  mounted 
horizontally  in  order  to  simulate 
actual  conditions  in  a plenum. 


Figure  1.  A Cable  Installation  in  a Plenum 
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4.  Multiple  cable  samples  of  sufficient 
length  should  be  tested  in  order  to 
simulate  actual  installation  (Figure 
1)  and  to  provide  a realistic  amount 
of  combustibles. 

5.  The  test  facility  should  be  insulated 
in  order  to  provide  conservation  of 
heat  energy. 

6.  A movement  of  air  over  the  test  samples 
is  needed  to  provide  oxygen  for  combus- 
tion and  to  promote  flame  propagation. 

7.  The  test  must  be  of  sufficient  duration 
to  allow  the  flame  spread  to  achieve  a 
peak  value. 

The  requirements  for  a test  facility  are  met 
by  the  Steiner  Tunnel,  the  test  facility  used 
in  ASTM  E-84.  There  are  15  Steiner  Tunnels 
in  North  America.  Utilization  of  this  well- 
known  facility  has  several  advantages.  Since 
it  is  widely  used  and  well  character ; zed^ * 3 • 4 
one  has  confidence  in  having  a reproducible 
environment  and  test  facility. 


The  use  of  a cable  rack  provides  for  total 
flame  engulfment  of  the  cable  specimen,  in 
contrast  to  limited  exposure  that  was  ob- 
served in  earlier  tests  in  which  the  cable 
specimens  were  supported  in  the  normal  E-84 
ceiling  test  position. ^ Separation  of  the 
cable  from  the  ceiling  also  provides  for  a 
reinforcement  of  the  heating  of  the  upper 
surfaces  of  the  cable  as  the  tunnel  lid  sur- 
face heats  and  reradiates  energy  to  the 
specimen.  The  cable  rack  supports  the  cable 
high  in  the  tunnel  furnace  so  that  is  re- 
mains in  the  zone  of  maximum  temperature  and 
heat  concentration.  The  resultant  proximity 
of  the  cable  specimens  to  the  windows  spaced 
along  one  wall  of  the  furnace  permits  easy 
observation  of  fire  development  and  flame 
spread  from  a close  range.  This  test  expo- 
sure mounting  technique  uniquely  provides 
fire  conditions  which  simulate  the  building 
service  environment  with  respect  to  fire 
energy  confinement,  radiative  feedback, 
large  area  flame  coverage,  and  cable  flame 
engulfment . 


Test  Method  and  Classification  Scheme 

The  fire  test  method  for  characterization  of 
flame  spread  and  smoke  production  of  communi- 
cations cable  employs  the  Steiner  Tunnel, 
Figures  2 and  3,  operated  in  accordance  with 
ASTM  E-84  with  two  basic  operational  dif- 
ferences, and  a variation  in  reporting  of 
results. 

The  first  of  the  operational  differences  is 
the  use  of  a cable  rack  for  sample  support, 
as  shown  in  Figure  3.  The  second  difference 
is  that  the  test  is  conducted  for  a 20-minute 
period  rather  than  the  10-minute  period  indi- 
cated in  ASTM  E-84.  The  standard  flame  and 
draft  conditions  of  ASTM  E-84  were  maintained, 
i.e.,  a draft  of  240  feet/minute  in  the 
direction  of  flame  growth,  and  a 300,000 
BTU/hour  4-1/2  foot  long  methane  igniting 
flame.  The  ignition  source  subjects  the 
test  samples  to  approximately  6 watt/cnr 
heat  flux. 


Figure  2.  The  Steiner  Tunnel 
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A twenty-minute  test  duration  was  chosen  after 
it  was  determined  that  significant  fire  in- 
volvement of  some  cables  did  not  occur  until 
late  in  the  standard  10-minute  E-84  test 
period,  and  in  some  cases  not  until  after 
the  10-minute  test  period.  In  tests  of  30 
minutes  or  more,  it  became  apparent  that  most 
cable  constructions  would  reach  their  maximum 
flame  spread  within  a twenty-minute  test 
period . 

A proposed  classification  scheme  has  been 
developed  to  convert  the  recorded  test  obser- 
vations into  flame  spread  and  smoke-developed 
groupings.  Since  limitation  of  flame  spread 
is  considered  the  chief  objective,  the  pro- 
posed flame  spread  grouping  is  predicated 
solely  on  distance  without  giving  credit  to 
time.  These  groupings  are: 


Class  A denotes  a low  smoke-producing  cable. 
Class  B indicates  cable  having  a marked, 
though  limited  capacity  for  smoke  production, 
while  Class  C indicates  a capacity  for  a 
high  level  of  smoke  production. 

Characterization  of  Inside  Wiring  Cable 

The  test  development  work  was  carried  out 
primarily  with  inside  wiring  cable  (Figure 
4) . The  core  is  made  up  of  twisted  pairs  of 
24  gauge  copper  conductors  insulated  with  6 
mils  of  semirigid  poly (vinyl  chloride)  (P VC) 
compound.  Ir>3ide  wiring  cables  do  not  have 
a core  wrap  or  a shield.  The  jacket  is  a 
flexible  PVC  compound.  Switchboard  cable  is 
of  similar  construction  and  uses  identical 
materials . 


Flame  Spread 
Class 


I 

II 

III 

IV 


Flame  Travel 
Distance,  Feet 

<5 

5 >s  to  15 
15S  to  19H 
>19*5 


Class  I represents  a situation  in  which  the 
cable  ignites  and  burns  under  direct,  intense 
exposure,  but  fails  to  propagate  significantly 
beyond  the  exposure  fire. 


Near  the  opposite  end  of  the  scale,  cables 
which  propagate  flame  in  the  test  to  near, 
but  not  past,  the  end  of  the  tunnel  are 
assigned  to  Class  III.  These  cables  would  be 
recognized  as  having  desirability  of  use  in 
some  less  hazardous  occupancies,  but  where 
there  is  still  an  interest  in  limiting  fire 
growth  potential. 

Class  IV  simply  designates  cables  which  result 
in  flame  propagation  beyond  the  end  of  the 
tunnel.  The  ultimate  flame  growth  potential 
for  such  cables  is  unknown.  Class  II  charac- 
terizes those  cables  which  fall  between  Class 
I and  Class  III. 


FIGURE  4.  25  PAIR  INSIDE  WIRING  CABLE 


Smoke  development  is  monitored  by  a photometer 
system  installed  across  the  furnace  exhaust 
duct.  The  photocell  output  is  reduced  as 
smoke  passing  through  the  duct  reduces  the 
intensity  of  light  reaching  the  photocell. 

The  output  of  the  photocell  is  recorded  for 
the  20-minute  test  period  and  the  area  under 
the  resultant  curve  is  obtained  by  integration 
over  the  entire  20-minute  test  period.  This 
area  is  divided  by  the  area  developed  by  un- 
treated red  oak  lumber  during  a 10-minute  ASTM 
E-84  calibration  test  and  multiplied  by  100 
to  arrive  at  the  smoke-developed  value. 


The  resultant  smoke  values  are  assigned  a 
Class  in  accordance  with  the  scheme: 

Smoke  Class  Smoke  Value 


A <50 

B "50  - 1500 

C >500 


Figure  5 shows  flame  spread  versus  time 
curves  for  five  tests  of  25  pair  inside  wir- 
ing cable.  These  curves  are  typical  of  well 
flame-retarded  cable;  the  flame  spreads  to  a 
peak  value  and  then  recedes  for  the  duration 
of  the  test.  Figure  5 shows  good  test  repro- 
ducibility. Good  test  reproducibility  has 
been  found  to  be  a characteristic  of  cables 
that  are  either  very  well  or  very  poorly  fire 
retarded . 

Figure  6 shows  a typical  smoke  curve  for  25 
pair  cable.  The  smoke  rating,  which  is  cal- 
culated from  the  area  under  the  smoke  curve, 
increases  with  the  amount  of  cable  tested 
and  with  increasing  flame  spread. 

Using  the  proposed  classification  scheme, 
these  inside  wiring  cables  are  classified 
Class  II  in  flame  spread  and  Class  C in 
smoke  production. 
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Conclusion 


The  test  method  meets  the  design  objectives 
of  providing  numerical  values  for  flame 
spread  and  smoke  production  and  therefore 
provides  a basis  for  rank  ordering  of  cables. 
The  fire  exposure  conditions  provided  by  a 
diffusion  flame  exposure,  totaling  engulfing 
horizontally  mounted  cables  under  conditions 
of  controlled  air  flow,  are  expected  to  be 
meaningful  under  building  fire  conditions 
where  fire  growth  and  smoke  production  are 
of  concern.  It  is  expected  that  the  signi- 
ficance and  limitation  of  the  method  will  be 
explored  further  in  large  scale  fire  tests. 


J.  R.  Beyreis 

J.  R.  Beyreis  is  Associate  Managing  Engineer 
in  the  Fire  Protection  Department  of  Under- 
writers Laboratories,  Inc.  He  has  been  re- 
sponsible for  numerous  projects  involving 
both  large  scale  and  laboratory  scale  fire 
tests  of  building  materials  and  systems.  A 
member  of  several  technical  fire  testing  com- 
mittee activities,  Mr.  Beyreis  is  also  a 1966 
graduate  of  Valpariso  University  with  a BSCE 
Degree . 


u iM[ 


J . w.  Skjordahl 

J.  w.  Skjordahl  is  a Project  Engineer  in  the 
Fire  Protection  Department  of  Underwriters 
Laboratories,  Inc.  He  has  carried  responsi- 
bility for  numerous  activities  associated  with 
development  of  fire  test  methods  and  perfor- 
mance data  for  wire  arid  cable.  Prior  to  join- 
ing Underwriters  Laboratories  in  1974, 

Mr.  Skjordahl  was  involved  in  plastics  manu- 
facturing. He  is  a 1970  graduate  of  Rose 
Polytechnic  Institute. 


M.  Yocum 


Mary  Margaret  Yocum  is  a Western  Electric 
employee  who  is  assigned  to  Bell  Laboratories 
in  the  area  of  flame  retardant  material 
development.  She  attended  Cottey  College 
and  the  State  University  of  Iowa.  Before 
joining  Western  Electric  she  was  employed  by 
Continental  Oil  Company. 


S.  Kaufman 

Stanley  Kaufman  is  a Member  of  Technical  Staff 
at  Bell  Telephone  Laboratories.  He  received 
a B.S.  in  Physics  from  the  City  College  of  the 
City  University  of  the  City  of  New  York,  and 
a Ph.D.  in  Chemistry  from  Brown  University. 
Before  joining  Bell  Laboratories  in  1970,  he 
was  a research  scientist  at  the  Uniroyal 
Research  Center. 


" — ^ 


THE  NATURE  OF  WATER  IN  SUBMARINE  CABLE  CORE 
AND  ITS  RELATIONSHIP  TO  DIELECTRIC  LOSS 

J.  H.  Daane 
H.  E.  Bair 
G.  E.  Johnson 
E.  W.  Anderson 

Bell  Laboratories 
Murray  Hill,  New  Jersey  07974 


ABSTRACT 

The  effect  of  water  trough  cooling  of  ex- 
truded, large  diameter,  polyethylene  coaxial 
cable  core  on  the  resultant  dielectric  loss 
of  the  cable  has  been  found  to  relate  to  the 
amount  and  nature  of  water  present  and  its 
radial  distribution  in  the  dielectric  core. 
Techniques  were  developed  to  sample,  measure 
and  characterize  the  water  present  from  the 
core  cooling  operation  in  both  factory  and 
laboratory  simulation  samples. 

The  effect  of  various  parameters  such  as 
water  trough  temperatures,  time  of  drying 
and  sample  preparation  was  assessed.  An 
explanation  for  the  nature  of  the  dielectric 
loss  behavior  is  set  forth.  Practical  sugges- 
tions are  given  as  to  the  utilization  of  the 
information  obtained  in  this  study  for  the 
operating  extrusion  engineer  involved  with 
the  production  of  low  dielectric  loss  cables. 

I . Introduction 

In  the  manufacture  of  submarine  coaxiil  cable, 
a series  of  water  troughs,  maintained  at 
decreasing  water  temperatures,  are  utilized 
to  cool  the  extruded  polyethylene  dielectric 
core.  Earlier  work  has  shown  the  desirability 
of  cooling  the  large  cross-section  of  cry- 
stallizing polyethylene  as  uniformly  as  pos- 
sible to  achieve  good  gripping  and  to  prevent 
the  formation  of  voids  at  the  inner  conduc- 
tor . 1 This  cooling  consideration  thus  leads 
one  to  use  as  high  an  initial  trough  tempera- 
ture as  practically  possible  and  to  use  slow 
line  speeds  as  well. 

The  use  of  initial  trough  temperatures 
approaching  or  exceeding  the  boiling  point 
of  water  through  the  use  of  pressurized 
systems  can  lead  to  a situation  where  an 
anomalous  dielectric  loss  behavior  can  be 
noted  in  the  finished  cable.  Laboratory 
experiments  and  manufacturing  trials  were 
used  to  ascertain  the  nature  and  extent  of 
this  anomalous  loss.  Techniques  were  devel- 
oped to  sample,  measure  and  characterize  the 
water  present  from  the  core  cooling  operation 
which  was  found  to  be  responsible  for  the 
anomalous  loss. 

II.  Anomalous  Loss 

Cable  attenuation  values,  as  measured  on 
finished  submarine  coaxial  cables,  can  be 
predicted  from  a consideration  of  the  material 
and  geometric  parameters  involved  in  the  cable 
design.  The  following  equation  has  been  found 
to  apply  for  the  frequencies  currently  of 
interest  in  submarine  cables2: 


1 = KX/T  + Do^J  i0g  D/d  + K2fFp'/^_ 

where 

Kj  and  are  constants 

d and  D are  the  inner  conductor  and  dielectric 
diameters  respecitvely 

E is  the  permittivity  of  the  dielectric 

f is  the  frequency  of  the  signal 

Fp  is  the  dissipation  factor  of  the  dielectric 

°i'  °o  are  conductivities  of  the  inner  and 
outer  conductors 

Cables  are  regularly  manufactured  where  pre- 
diction of  their  attenuation  is  possible  and 
stable  values  are  measured  close  to  the 
expected.  However  due  to  the  evolution  of 
larger  diameter  and  consequently  higher 
capacity  coaxial  cables,  a movement  to  the 
use  of  higher  water  trough  temperatures  to 
achieve  good  gripping  and  to  minimize  void 
formation  has  been  shown  to  produce  higher 
attenuation  values  than  expected.  These 
higher  values  have  also  been  found  to  be 
unstable  in  some  cases. 

The  frequency  dependence  of  the  cable  attenua- 
tions produced  under  these  conditions  indi- 
cated that  the  excess  attenuation  is  asso- 
ciated with  the  dielectric  rather  than  with 
the  copper  conductors.  Initial  results  of 
30  MHz  loss  tangent  values  extracted  from 
cable  attenuation  values  showed  losses  of 
twenty  microradians  above  the  accepted  limit 
of  fifty-three  microradians  for  the  dielectric 
material.  Consequently  the  dielectric  loss  of 
plaques,  molded  from  dielectric  core  freshly 
cut  from  high  loss  cable,  was  measured  at 
several  frequencies  within  0.5  hours  of 
molding.  The  results  are  shown  in  Figure  1 
where  they  are  compared  to  measurements  made 
on  the  starting  polyethylene.  Initially 
plaques  from  the  high  loss  cable  had  an  excess 
loss  at  30  MHz  comparable  to  that  extracted 
from  cable  attenuation. 

A decay  phenomenon  was  also  noted  with  the 
plaques  molded  from  the  cable.  After  twenty 
hours  the  loss  tangent  values  returned  to 
those  of  the  starting  material  as  shown  in 
Figure  2.  Further,  the  decay  of  loss  could 
be  accelerated  by  placing  the  plaques  under 
vacuum  between  measurements.  A plaque  molded 
from  a low  loss  core  or  pellets  and  subjected 
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to  a simulated  cable  water  cooling  treatment 
in  the  laboratory  produced  the  same  effect 
with  the  same  level  of  excess  loss  and  decay 
characteristic  as  that  of  a high  loss  cable 
sample.  Thus  water  has  been  shown  to  be 
directly  responsible  for  the  excess  loss. 

III.  Total  Water  Measurement 


The  samples  described  in  the  preceding  section 
were  checked  for  water  content  by  a coulo- 
metric  type  instrument,  the  DuPont  Moisture 
Analyzer  Model  26-321A.  High  loss  cable 
plaques  or  simulated  cable  cooling  plaques 
were  found  to  contain  significantly  more 
water  than  plaques  from  pellets  or  low  loss 
cable.  Further  it  was  found  that  the  high 
loss  plaques  lost  water  with  time. 

At  this  point  a significant  amount  of  work  was 
done  to  obtain  a procedure  to  determine  the 
level  of  water  in  polyethylene  to  an  accuracy 
of  t5%  and  for  small  amounts  of  water  to  ±2 
parts  per  million  (ppm).^  This  was  done  so 
as  to  seek  a correlation  between  excess  loss 
and  water  content.  Equilibrium  solubility 
values  were  determined  by  determining  the 
maximum  amount  of  water  a freshly  molded 
plaque  would  absorb  independent  of  time 
after  soaking  in  isothermal  water  baths. 

Above  100 °C,  all  samples  were  subjected  to 
high  pressure  steam.  In  every  case  the 
samples  were  quenched  in  a 23°C  water  bath, 
removed,  and  the  surfaces  dried  with  a cloth 
before  water  analysis.  The  results  are 
shown  in  Figure  3 where  the  saturation  value 
for  water  in  polyethylene  melt  at  100°C  is  30 
times  that  found  at  room  temperature. 

Another  concern  was  to  measure  the  radial 
distribution  of  the  water  in  cable  core. 
Consequently  a cable  core  cutter  was  designed 
and  built  to  allow  one  to  cut  and  remove  a 
cylindrical  plug  from  a section  of  submarine 
cable  core  as  shown  in  Figure  4.  It  should 
be  noted  that  the  design  of  this  cutter 
allows  one  to  extract  a sample  without 
affecting  the  distribution  of  water.  The 
cutter  is  pressed  in  a radial  direction  into 
the  core  and  has  a cutting  edge  shaped  to 
fit  the  inner  conductor.  In  order  to  measure 
the  radial  distribution  of  water,  six  or  more 
plugs  of  0.40"  diameter  were  removed  from 
the  cable  and  then  sliced  into  thin  slices 
usually  80  mils  thick.  To  minimize  loss  of 
water  during  cutting,  coordination  between 
several  people  was  utilized  for  the  various 
operations  with  alternate  sections  being 
discarded  so  that  freshly  cut  specimens  were 
measured  each  time.  The  total  elapsed  time 
between  sectioning  a new  sample  of  cable  and 
measurement  of  water  was  kept  below  fifteen 
minutes . 

IV.  Clustered  Water  Determination 

As  much  as  160  ppm  of  water  have  been  found 
in  the  outer  area  of  the  SG  core  after  extru- 
sion into  water  troughs  maintained  at  100°C 
(see  details  in  Section  V).  However,  the 
room  temperature  solubility  of  the  poly- 
ethylene is  only  12  ppm.  This  leads  to 
excess  water  being  trapped  in  the  poly- 
ethylene cable  core.  Thus,  we  decided  to 


see  if  we  could  observe  the  excess  water  by 
phase  transition  studies  in  a DSC.  If  the 
excess  water  exists  in  the  polyethylene  in 
an  associated  state  it  should  be  possible 
to  form  ice  crystals  by  quenching  below  room 
temperature . 

Quenched  samples  containing  high  levels  of 
water  were  placed  in  a Perkin-Elmer  Differen- 
tial Scanning  Calorimeter,  Model  DSC-2,  and 
cooled  to  -55°C.  Subsequently  the  samples 
were  heated  to  30°C.  A typical  melting  peak 
observed  at  0°C  is  shown  in  Figure  5.  Using 
the  sample  weight,  the  measured  heat  absorbed 
in  the  0°C  transition  and  a heat  of  fusion 
of  79.7  cal/gm  for  ice,  we  calculated  the 
amount  of  water  in  the  clustered  form.  Com- 
bining this  result  with  the  total  water 
measurement  from  the  Moisture  Analyzer,  it 
thus  became  possible  to  differentiate  between 
water  sorbed  in  the  polyethylene  and  that 
associated  in  clusters.  This  has  been  done 
over  a range  of  temperatures  using  isothermal 
water  baths  to  condition  the  samples  to 
equilibrium  sorption.  The  samples  are  then 
quenched  at  room  temperature  prior  to  mea- 
suring. The  results  of  this  work  are  shown 
in  Figure  6. 

Early  attempts  to  observe  the  clusters 
microscopically  failed,  apparently  because 
of  their  submicron  size.  However  after  high 
pressure  steam  treatment  at  208°C  for  60 
seconds  followed  by  a cold  water  quench, 
clusters  were  observable  under  a light 
microscope  as  shown  in  Figure  7.  The  clus- 
ters are  about  2 microns  in  diameter,  are 
fairly  uniformly  distributed  and  the  sample 
was  found  to  contain  approximately  5600  ppm 
water.  Essentially  all  of  the  water  is  in  the 
clustered  state. 

Plaques  containing  clusters  were  dried  out 
and  subsequently  re-exposed  to  water  at  a 
temperature  much  lower  than  that  at  which 
the  clusters  were  formed.  It  was  found 
that  the  cavities  refill  partially  and  one 
then  has  a sample  whose  water  content  far 
exceeds  its  saturation  level  at  the  tempera- 
ture soaked.  For  instance  a sample  originally 
treated  at  100°C  and  dried  was  found  to  con- 
tain 65  ppm  water  after  soaking  at  40°C  for 
10  days.  This  is  >3  times  its  equilibrium 
saturation  at  40°C. 

V.  Radial  Distribution  of  Water 


Both  the  type  and  amount  of  water  content  of 
several  cables  which  had  excess  dielectric 
loss  were  determined  using  the  tool  and  the 
techniques  described  earlier.  For  a cable 
exhibiting  approximately  20  microradians 
excess  loss  at  30  MHz,  the  outer  160  mils 
of  the  approximately  600  mil  thick  core  was 
found  to  contain  50  ppm  total  water  (these 
measurements  were  made  approximately  four 
months  after  production) . The  rest  of  the 
core  was  near  or  below  the  room  temperature 
saturation  value  of  12  ppm.  In  order  to 
isolate  the  key  parameters  which  control  the 
ingress  of  water  during  cable  production, 
we  designed  a series  of  experiments  to 
simulate  the  water  trough  portion  of  the 
cable  extrusion  process. 
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A one  foot  length  of  cable  core  was  heated 
to  175°C  in  an  oven  and  then  cooled  in  a 
series  of  circulating  isothermal  water  baths 
with  temperature  chosen  to  equal  those  of 
the  manufacturing  plant  troughs.  The  resi- 
dence times  in  the  baths  were  chosen  to 
match  those  for  cable  passing  at  a given 
line  speed  in  known  trough  lengths.  Results 
obtained  on  a simulated  cooling  cycle  sample 
are  shown  in  Figure  8.  The  bulk  of  the 
water,  with  a concentration  as  high  as 
140  ppm,  was  concentrated  in  the  Ok  er 
160  mils  of  the  dielectric.  From  this 
160  mils  to  the  inner  conductor,  the  level 
of  water  was  near  or  below  the  room  tempera- 
ture (23°C)  saturation  value  of  12  ppm.  A 
large  fraction  of  the  water  in  the  outer 
layer  was  in  the  clustered  form  for  this 
sample  held  in  the  first  bath  at  100°C  for 
12  minutes.  When  the  initial  water  bath 
temperature  was  lowered  from  100°C  to  70°C 
in  four  steps,  the  water  profile  was  found 
to  decrease  from  a maximum  of  157  ppm  and 
133  ppm  of  total  and  clustered  water  respec- 
tively to  only  25  ppm  tr‘al  and  no  detectable 
clusters  as  shown  in  Figure  9. 


It  appears  that  the  temperature  of  the  ini- 
tial water  bath  plays  a critical  role  in 
controlling  the  final  concentration  of  water 
in  the  cable.  These  results  were  confirmed 
at  cable  factories  where  virtually  the  same 
distributions  were  obtained  at  the  same 
initial  water  trough  temperatures. 


VI .  Water  Content  Versus  Dielectric  Loss 
for  Plaques 

Dielectric  loss  measurement  were  made  on 
plaques  brought  to  equilibrium  saturation 
with  water  at  various  temperatures.  A 
linear  relationship  between  tan6  at  30  MHz 
to  the  total  concentrations  of  water  was 
found  up  to  80  ppm  as  in  Figure  10.  As  tan6 
measurements  were  made  on  plaques  containing 
larger  amounts  of  water  (up  to  300+  ppm  for 
plaques  treated  in  100°C  water) , it  was  noted 
that  the  increase  in  loss  was  not  propor- 
tional to  water  content.  Measurement  of  tan6 
over  the  frequency  range  of  0.1  to  30  MHz  for 
samples  containing  large  amounts  of  water 
showed  Maxwell-Wagner  type  behavior.  A cal- 
culation using  literature  data  indicated  that  - 
spherical  particles  of  water  imbedded  in  poly- 
ethylene could  give  a Maxwell-Wagner  loss  peak 
in  the  MHz  region5,  which  agrees  with  the 
results  obtained  (Figure  11) . 


VII.  Water  Content  Versus  Loss  for  Cables 


and  the  time  before  application  of  the  outer 
conductor  and  jacket  will  affect  the  amount 
of  water  trapped  in  the  finished  cable.  Thus 
a significant  portion  of  the  originally  sorbed 
water  in  the  core  may  be  eliminated  before  the 
cable  is  finished.  Another  concern  will  be 
whether  the  cooling  sequence  has  generated 
clusters  and  whether  the  shaving  operation 
leaves  any  in  the  core. 

The  results  for  a cable  extruded  into  a cool- 
ing system  with  an  initial  pressurized  105°C 
cooling  trough  wer  as  follows:  The  extracted 

loss  tangent  at  30  MHz  for  the  cable  at  23°C 
was  24  microradians  above  that  expected  from 
the  pellets  used.  A plaque  molded  from  the 
total  core  material  had  an  initial  loss  of 
75  microradians  which  decayed  to  50  micro- 
radians within  24  hours.  The  outer  160  mils 
initially  contained  60  ppm  water  and  for  our 
earlier  correlation  of  1 microradian  per  2.3 
ppm  water,  this  would  mean  26  microradians 
excess  loss.  However  in  a cable  neither  the 
electric  field  nor  the  water  distribution  is 
uniform  and  calculations  seeking  to  relate  the 
profile  of  water  to  the  effect  on  cable 
attenuation  have  not  been  totally  successful. 
By  keeping  the  initial  water  trough  tempera- 
ture below  92 °C  however  the  problem  is  avoided 
and  cable  attenuation  values  are  what  is 
expected . 

VIII.  Conclusion 

Experiments  conducted  in  the  laboratory  and 
at  submarine  cable  plants  have  shown  that 
unexpectedly  high  cabl  • attenuations  result 
from  the  entrapment  of  cooling  water  in  the 
dielectric  core  during  manufacture.  This 
entrapment  is  strongly  dependent  on  the  first 
water  trough  temperature  and  may  result  in 
water  being  present  in  two  forms,  i.e.  as 
dissolved  and  as  clusters  generated  by  the 
rapid  lowering  of  the  solubility  of  water  in 
the  melt  as  it  is  cooled. 

The  shape  and  magnitude  of  the  dielectric  loss 
of  polyethylene  containing  water  has  been 
shown  to  depend  on  whether  the  water  is  pre- 
sent in  the  clustered  form.  Cable  that  has 
been  dried  but  contains  voids  left  by  clus- 
tered water  can  reabsorb  more  than  its  equi- 
librium amount  of  water  upon  immersion  in 
water  and  thus  exhibit  instability  as  regards 
cable  attenuation.  The  use  of  lower  initial 
water  trough  temperatures,  consistent  with 
the  maintenance  of  good  gripping  of  the 
dielectric  on  the  inner  conductor,  is  called 
for  to  produce  cable  attenuations  as  designed. 


In  discussing  this  subject  we  must  bear  in 
mind  the  fact  that  the  high  concentration 
water  profiles  found  in  laboratory  simulated 
cooling  of  cores  discussed  earlier  were 
obtained  on  unshaved  specimens.  The  measure- 
ments of  water  content  were  gotten  as  quickly 
as  possible  after  the  core  was  cool.  For  a 
cable,  the  core  is  first  shaved,  after  having 
stood  for  a while  on  a drum,  by  a servo- 
controlled  head  with  cutters  to  achieve 
concentricity  of  the  outer  surface  with  the 
inner  conductor.  The  amount  of  material 
removed,  the  heat  involved  in  the  operation 
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Abstract 


In  Part  I,  electrochemical  test  methods  were 
used  to  provide  data  on  the  corrosion  be- 
havior of  telephone  cable  shielding  mater- 
ials. The  purpose  of  this  paper  is  to  apply 
these  techniques  to  the  study  of  the  plastic 
and  floodant  coated  shielding  systems  of 
buried,  filled  cables.  The  mechanisms  where- 
by coatings  provide  corrosion  protection  are 
investigated  and  a discussion  of  the  break- 
down mechanisms  observed  with  floodant  coat- 
ings is  given.  Data  showing  the  need  for 
adequately  protecting  aluminum  from  galvanic 
corrosion  in  aluminum-steel  sheath  designs 
are  presented  . 


Introduction 

Background 

Part  I of  this  paper  was  presented  at  the 
24th  Wire  and  Cable  Symposium.1  In  that 
paper,  an  attempt  was  made  to  define  a real- 
istic corrosion  test  methodology  based  on 
electrochemical  techniques.  The  electrolytes 
chosen  for  test  environments  had  substan- 
tially the  same  chemical  compositions  as  the 
water  extracts  from  test  sites  utilized  in 
the  joint  National  Bureau  of  Standards/ 

Rural  Electrification  Administration  (NBS/ 
REA)  soil  burial  evaluation  of  shielding 
materials . 2 > 3 » 4 > 5 Reasonable  agreement  be- 
tween the  laboratory  studies  and  the  soil 
burial  tests  as  obtained.  Examination  of 
the  test  results  indicated  that  a compre- 
hensive evaluation  of  shielding  materials 
for  their  resistance  to  corrosion  required 
that  more  be  considered  than  the  chemical 
composition  of  the  electrolyte.  Therefore, 
the  mechanisms  of  galvanic  corrosion  due  to 
dissimilar  metals,  differential  aeration, 
and  mechanical  stress  were  Investigated . 

For  almost  every  shielding  material  studied, 
the  data  indicated  that  these  mechanisms 
often  constituted  the  main  factors  in  deter- 
mining the  service  life  of  a shielding 
material.  It  was  concluded  that  all  the 
common  shielding  materials  in  use  today 
experience  varying  degrees  of  corrosion. 
Plastic  clad  metals  were  found  to  have  a 
significantly  better  resistance  to  corrosion 
than  the  corresponding  bare  metals. 

Test  Methodology  from  Part  I 

An  essential  and  important  part  of  all  cor- 
rosion testing  is  the  electrolyte  chosen 
for  the  test  medium.  To  supply  a realistic 
point  of  comparison,  soil  water  solutions 
were  synthesized  with  substantially  the 


same  chemical  make-ups  as  the  soil  waters  in 
three  of  the  sites  chosen  for  the  NBS/REA 
field  tests  of  shielding  materials.*  The 
compositions  of  the  solutions  as  shown  in 
Table  I represent  the  soil  waters  of  NBS/REA 
Site  A (sandy  loam,  pH  8.8),  Site  C (acidic 
clay,  pH  4.0),  and  Site  G (tidal  marsh,  pH 
7.1). 

A Petrolite®  Corrosion  Rate  Meter,  M-1010  CIY, 
was  chosen  to  directly  measure  the  electro- 
chemical corrosion  rates.  Polarization 
curves  were  determined  with  a Petrolite 
Potent iodyne®  Analyzer,  M-4100,  and  galvanic 
corrosion  currents  were  measured  with  a zero 
resistance  ammeter.  Corrosion  rates  were 
measured  weekly  for  five  weeks.  The  gal- 
vanic currents,  due  to  bimetallic  couples, 
were  measured  for  eight  weeks.  From  the 
galvanic  corrosion  currents  and  Faraday's 
law,  corrosion  rates  in  mils  per  year  were 
calculated . 

Additional  Analysis  of  Part  I Data 

On  several  occasions  during  the  studies  re- 
ported in  Part  I,  the  laboratory  and  soil 
burial  results  did  not  agree.  The  most 
notable  of  these  was  observed  with  copper 
in  the  alkaline  solution  A:  in  the  labora- 

tory test  solution,  copper  had  a very  high 
corrosion  rate  while  in  the  actual  soil  at 
Site  A,  copper  was  not  severely  attacked. 

This  behavior  may  be  explained  by  a consid- 
eration of  the  mechanism  whereby  copper 
achieves  its  corrosion  resistance  and  an 
analysis  of  the  corrosive  waters  to  which 
copper  is  known  to  be  susceptible.  The  cor- 
rosion resistance  of  copper  stems  from  the 
presence  of  a surface  oxide  film.  Soil  waters 
high  in  carbonic  acid  can  be  particularly 
harmful  to  copper  because  the  carbonic  acid 
dissolves  this  protective  oxide  film.7 
Synthetic  solution  A contains  a high  concen- 
tration of  bicarbonate  ion  which  can  re- 
act to  form  carbonic  acid.  The  attack 
of  the  copper  by  this  acid  results  in  a pit- 
ting type  corrosion.  Indeed,  examination  of 
the  copper  sample  from  the  e lec t rochemica 1 
test  revealed  the  presence  of  dark  orange 
spots  of  localized  corrosion  on  its  surface. 

Other  types  of  anomalies  occurred  within 
the  laboratory  data.  For  example,  with 
most  samples  tested,  differential  aeration 
Increased  corrosion.  The  reverse  occurred 
for  copper  in  synthetic  solution  A.  This 
reversal  may  be  explained  as  follows:  the 

presence  of  the  flowing  oxygen  restricted 
the  amount  of  carbonic  acid  available  to 


TABLE  I:  PROPERTIES  0?  SYNTHETIC  SOLUTIONS  REPRESENTING  SOIL  WATERS 


Solution 
Ident if lcat Ion 

Soli 

PH 

Ca++ 

Mg++ 

Chemical  Composition 
(parts  per  million) 

Na  + HCOs"  SOs* 

Cl  " 

NO  3 “ 

A 

Sandy  Loam 

8.8 

7 

20 

2420 

4207 

215 

314 

7 

c 

Clay 

4.1 

598 

716 

2200 

0 

6480 

3413 

116 

G 

Tidal  Marsh 

7.1 

166 

152 

2 350 

0 

1776 

3212 

35 

attack  the  protective  oxide  layer  on  the 
surface  of  the  copper.  Without  oxide  dis- 
solution, the  corrosion  rate  of  the  copper 
can  decrease. 

Guidelines  which  rate  a soil's  corrosiveness 
by  Its  value  of  soil  resistivity  have  been 
established  for  pipelines.8  Using  these 
guidelines,  one  would  have  expected  aluslnua 
to  be  viciously  attacked  in  the  400  ohs-cs 
soil  at  Site  A during  the  NBS/REA  studies. 

To  the  contrary,  excellent  results  were  ob- 
tained through  six  years  of  burial  with  bare, 
flooded,  and  plastic  coated  aluminum.8  In 
thla  Instance,  the  laboratory  data  of  Part  I 
Indicated  a good  performance  of  aluslnua  In 
this  soil  which  was  explained  as  follows:  a 

polarization  study  revealed  that  the  alualnua 
foraed  a protective,  or  passive,  layer  In  the 
aynthetlc  solution  representing  the  soil 
water  at  Site  A.  This  layer  gives  the  alu- 
alnua a natural  resistance  to  corrosion. 
Therefore,  solution  A was  not  used  In  the 
corrosion  studies  of  Part  II  because:  first, 

the  variables  affecting  the  lack  of  corrosion 
observed  for  alualnua  at  the  actual  Site  A 
could  not  be  easily  identified  and  second,  in 
the  synthetic  solution  A,  where  the  variables 
were  controlled,  a natural  protective  coating 
was  foraed  on  the  alualnua  which  greatly  re- 
duced the  corrosive  attack. 


Protection  for  Pilled  Cables 


Sheath  damage  of  burled  cables  Is  a coaaon 
occurrence.  0 This  damage  often  sIIowb  the 
entry  of  electrolyte  which  can  lead  to  sub- 
sequent loss  of  the  electrical  continuity  of 
the  shield  due  to  corrosion.  This  problem 
was  recognized  very  early  In  the  trend  to 
bury  cables.  Steps  were  taken  to  mitigate 
shield  corrosion  through  the  use  of  copper 
for  shielding  due  to  Its  substantially  lower 
deterioration  rate  when  compared  to  aluminum 
In  ASTM  studies  of  corrosion.11  The  develop- 
ment of  adhesive  copolymer  coatings  substan- 
tially reduced  the  susceptibility  of  alualnua 
to  corrosion  and  allowed  the  use  of  plastic 
clad  aluminum  as  a more  economical  alterna- 
tive to  copper.12  With  the  advent  and  growth 
of  filled  cables,  the  bare  metal  shields  and 
armor  have  been  flooded  with  grease-like  ma- 
terials to  provide  a water  block.  The 
ability  of  these  materials  to  Inhibit  corro- 
sion has  become  a topic  of  Interest  to  the 
cable  Industry.  There  have  been  several  no- 


table efforts  to  assess  the  degree  of  corro- 
sion protection  afforded  by  these  materials. 
Shlck,  using  polarization  techniques,  deter- 
mined that  petrolatum  flooding  compounds 
could  be  worse  than  no  coating.13  He  subse- 
quently showed  that  Inhibitors  added  to  the 
floodant  could  be  rendered  ineffective  due  to 
leaching  by  the  Boll  water.14  However,  since 
Che  type  of  floodant  he  used  Is  obsolete 
today,  and  since  there  has  been  an  advancing 
technology  In  flooding  compound^  1 5 it  was 
deemed  appropriate  to  reexamine  the  ability 
of  these  types  of  coatings  to  provide  corro- 
sion protection  and  compare  their  behavior 
to  commonly  used  plastic  coatings. 


Sample  Preparation 

Sample  preparation  Is  one  of  the  key  consid- 
erations In  the  study  of  grease-llke  materi- 
als as  protective  coatings  for  metal.  Corro- 
sion protection  supplied  by  these  materials 
was  generally  believed  to  be  thickness  depen- 
dent.16 Therefore,  for  a comprehensive 
evaluation.  It  was  necessary  to  prepare  coat- 
ings of  various  thicknesses.  Also,  for  re- 
producible results,  a uniform  coating  Is  re- 
quired on  any  given  test  specimen.  After 
much  experimentation,  the  following  procedure 
was  adopted  to  fulfill  these  criteria:  the 

metal  strip  to  be  coated  was  weighed,  dipped 
in  flooding  or  filling  compound  at  240°P  for 
10  seconds,  and  then  suspended  vertically  In 
a circulating  air  oven  heated  to  240°F.  The 
specimen  was  removed  from  the  oven,  cooled, 
rewelghed,  and  coating  thickness  calculated. 
The  oven  treatment  remelts  the  coating  caus- 
ing It  to  flow  to  a uniform  thickness  depen- 
dent on  the  oven  residence  time.  This  pro- 
cedure was  adopted  because  flooding  compounds 
In  cable  manufacturing  are  applied  above 
their  melting  points  and  are  then  exposed  to 
higher  temperatures  during  extrusion  of  the 
cable  jacket,17  It  should  he  noted  that  the 
edges  of  the  specimens  did  not  coat  due  to 
the  surface  tension  of  the  ho,'.  liquid. 

Many  types  of  filling  and  flooding  compounds 
were  evaluated.  A typical  representative  of 
each  type  was  selected  for  the  in-depth  In- 
vestigation to  be  reported  herein.  The  fill- 
ing compound  Is  a commercially  available 
material  consisting  of  92Z  petrolatum  and  61 
polyethylene.  The  floodant  Is  a commercially 
available  mixture  of  75Z  petrolatum  and  2SX 
atactic  polypropylene.  These  materials  were 
applied  to  bare  8 mil  thick  aluminum,  1145 
alloy,  and  bare  6 mil  black  plate  steel. 
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Commercially  available  plastic  coated  metals 
were  used  which  had  both  sides  of  an  8 mil 
thick  1145  aluminum  alloy  and  a 6 mil  thick 
electrolytic  tin  plated  steel  coated  with  an 
adhesive  copolymer  of  ethylene.  This  copoly- 
mer has  the  chemical  resistance  and  general 
characteristics  of  low  density  polyethylene 
with  the  additional  attributes  of  adhesiveness 
to  metals  and  increased  mechanical  strength. 

A more  detailed  description  of  the  nature  of 
this  material  has  been  given  in  a previous 
Wire  and  Cable  Symposium  paper . 1 8 


Experimental  Procedure 

Galvanic  couples  of  plastic  coated  aluminum 
and  black  plate  steel,  plastic  coated  alumin- 
um and  plastic  coated  tin  plated  steel,  and 
flooded  aluminum  and  flooded  black  plate  steel 
were  selected  for  testing.  Strips  of  each 
respective  material  were  placed  in  corrosion 
cells,  each  containing  about  900  cc  of  the 
synthetic  solutions,  and  coupled  electrically. 
The  solutions  were  kept  at  room  temperature 
without  agitation.  Galvanic  corrosion  cur- 
rent readings  were  made  at  various  time  in- 
tervals for  up  to  4 months  using  a zero  re- 
sistance ammeter. 

To  simulate  actual  cable  practice,  the  so- 
lutions were  allowed  to  contact  bare  metal 
exposed  at  the  specimen  edges.  Though  the 
function  of  a coating  on  metal  is  to  provide 
a total  environmental  barrier,  it  must  be  ex- 
pected that  bare  metal  areas  will  exist  in 
the  coating  as  the  result  of  design,  defect, 
or  damage.  The  edges  of  bare  metal  could  re- 
present the  cable  seam,  for  example,  which  is 
an  exposed  area  that  exists  because  of  design. 


ILLUSTRATION  OF  LIMITING  THE  AREA  OF 
CORROSIVE  ATTACK  WITH  COATED  METALS 


The  actual  area  of  exposure  for  an  8 mil 
(0.203  mm)  coated  aluminum  specimen  was  the 
bare  edge  along  a three  inch  (7.62  cm)  sec- 
tion of  a one  inch  (2.54  cm)  wide  by  seven 
inch  (17.28  cm)  long  strip,  or  an  area  of 
about  0.024  square  inches  (0.393  cm2).  For 
the  6 rail  (0.152  mm)  steel,  the  exposed  bare 
area  on  the  coated  specimen  was  again  the 
edge,  an  area  of  0.018  square  inches  (0.294 
cm^  ) . 

It  should  be  noted  that  an  effective  coating 
must  limit  corrosive  attack  only  to  these  ex- 
posed areas  of  bare  metal.  Therefore,  a 
basic  difference  in  symmetry  exists  between 
bare  and  coated  metals.  The  service  life  of 
a coated  metal  system  in  which  the  coating  is 
permanent  is  dependent  on  the  width  of  the 
shielding  tape  as  shown  in  Figure  1.  For 
bare  metals,  service  life  becomes  thickness 
dependent  as  shown  in  Figure  2. 


Qualitative  Results 

A description  of  the  galvanic  couples  after 
18  weeks  of  testing  is  given  in  Table  II. 

In  all  cases,  some  type  of  corrosive  attack 
was  observed  on  at  least  one  metal  in  the 
couple.  The  corrosive  attack  of  flooded 
aluminum  began  in  localized  areas  on  the  bare 


FIGURE  2 

ILLUSTRATION  OF  THE  CORROSIVE  ATTACK  ON 
ALL  SURFACES  OF  BARE  METALS 


edges  -of  the  sample  generating  a white  corro- 
sion product.  The  attack  then  moved  progres- 
sively inward  with  the  corrosion  product  com- 
pletely destroying  the  integrity  of  the  coat- 
ing. Two  types  of  corrosion  damage  were 
observed  with  the  flooded  steel:  a progres- 

sive attack  from  the  sample  edges  and  local- 
ized corrosion  cells  that  appeared  to 
originate  beneath  the  coating.  A hard  red 
corrosion  product  was  generated  in  both  cases 
moving  progressively  inward  from  the  edges  or 
progressing  outward  in  all  directions  from 
the  points  of  localized  attack. 

It  appeared  that  the  same  corrosion  process 
was  at  work  irrespective  of  coating  thick- 
ness. The  corrosion  process  destroyed 
thick  coatings  as  well  as  thin,  the  difference 
was  that  the  rate  at  which  the  metal  was 
consumed  appeared  to  be  reduced  with  increased 
coating  thickness. 

For  the  plastic  coated  aluminum,  some  corro- 
sion product  was  observed  at  the  bare  edges 
but  the  corrosive  attack  was  not  nearly  as 
severe  as  that  observed  on  flooded  aluminum. 
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TABLE  II.  DESCRIPTION  OF  GALVANICALLY  COUPLED  TEST  SAMPLES  AFTER  18  WEEKS 
A . Filler  Coated  A 1 am  1 num / F 1 1 1 e r Coated  Black  Plate  Steel 

Extent  of  Corrosion 

System  Test  Coating  Thickness  (mils)  A1 umi num  Steel 

Number  Solution  A 1 um 1 num  Steel  Amo  un  t * Ty pe  **  Amount  * Ty pe*  * 

1 Acidic  (C)  11  . 1 10.9  5 2 Edge  502  Heavy  pitting 

2 Neutral  (C)  12.1  10.6  72  Edge  52  Small  pits 

3 Acidic  (C)  2.0  2.0  Slight  Edge  1002  All  surfaces 

4 Neutral  (G)  2.2  2.4  702  Edge  Slight  Extensive  pitting 

b . Floodant  Coated  A1 um 1 num/ F 1 ooda n t Coated  Black  Plate  Steel 

5 Acidic  (C)  15.6  15.2  102  Edge  52  Edge 

6 Neutral  (G)  15.8  15.9  202  Edge  52  Edge 

7 Acidic  (C)  3.1  3.1  20%  Edge  402  Edge  and  pitting 

8 Neutral  (G)  3.1  3.1  252  Edge  52  Pitting 

C.  Plastic  Coated  A1 umi num/ P 1 as t i c Coated  Tin  Plated  Steel 

9 Acidic  (C)  2.3  2.3  None  Edge  92  Edge 

10  Neutral  (G)  2.3  2.3  None  Edge  102  Edge 

D . Plastic  Coated  A1 umi num/ Ba r e Black  Plate  Steel 

11  Acidic  (C)  2.3  None  None  Edge  1002  All  surfaces 

12  Neutral  (G)  2.3  None  None  Edge  602  All  surfaces 

* Amount  of  metal  attacked 

**Type  or  location  of  corrosive  attack 


The  physical  integrity  of  the  coating  and  the  The  behavior  of  System  3,  a couple  of  alumin- 

bond  of  the  coating  to  the  aluminum  were  re-  um  and  black  plate  steel  in  which  a fhin  coat- 
tained. The  plastic  coated  tin  plated  steel  ing  of  filler  is  on  both,  and  System  11,  a 

showed  an  increased  amount  of  edge  attack  when  couple  of  aluminum  with  adhesive  copolymer 
compared  to  the  plastic  coated  aluminum.  The  coatings  and  uncoated  black  plate  steel,  is  of 

plastic  coating  retained  its  integrity  and  particular  interest.  As  can  be  seen  from 

the  bond  of  coating  to  metal  appeared  to  re-  Table  III,  the  role  of  the  aluminum  and  steel 

strict  the  corrosion  process  only  to  edge  at-  in  these  couples  switched  from  the  normal  gal- 

tack.  No  areas  of  localized  attack  were  ob-  vanic  order  with  the  steel  becoming  the  anode, 

served  under  the  plastic  coatings.  This  behavior  only  occurred  in  the  acidic 

synthetic  solution  C when  the  steel  was 
bare  or  coated  with  a thin  coating  of  fill- 
Quantitatlve  Results  er.  To  investigate  the  role  of  the  alu- 
minum in  these  two  systems,  couples  were 

Table  III  shows  the  galvanic  corrosion  cur-  prepared  with  bare  aluminum  and  bare  black 

rents  for  the  systems  described  in  Table  II.  plate  steel  and  exposed  to  the  acidic  and 

Note  that  for  systems  1 through  8,  which  have  neutral  solutions.  Again  the  reversal  of 

coatings  of  floodant  or  filler  on  both  metals,  polarity  occurred  only  in  the  acidic  so- 
corrosion  current  generally  increases  with  lution.  After  one  week,  the  steel  was 

time.  Systems  9 and  10  with  adhesive  copoly-  anodic,  and  9 microamperes  of  corrosion 

mer  coatings  show  a constant  level  of  corro-  current  were  recorded  for  this  cell.  The 

sion  current  versus  time.  Figure  3 graphi-  tendency  toward  reversal  of  polarity  ap- 

cally  illustrates  this  behavior  for  samples  in  pears  to  be  independent  of  the  presence 
the  acidic  synthetic  solution  C.  Though  the  or  effectiveness  of  the  coating  on  alu- 

effect  of  increasing  floodant  thickness  ini-  minum  and  solely  dependent  on  the  effec- 

tially  tempers  the  corrosion  current,  as  time  tive  amount  of  bare  black  plate  steel 

passes,  the  level  of  corrosion  current  flowing  exposed  to  the  acidic  solution.  The 

in  the  couple  approaches  that  of  the  thinner  amount  of  bare  steel  Ls  dependent  on 

coating.  Figure  4 illustrates  that  there  is  a coating  thickness  as  shown  in  Figure  5. 
correspondence  between  the  amount  of  aluminum  As  mentioned  earlier,  corrosion  rates  were 
destroyed  (data  of  Table  II)  and  the  amount  of  lower  with  thicker  coatings.  This  re- 
current flowing  at  the  end  of  the  test  (data  duction  in  corrosion  rate  can  be  attri- 

of  Table  III).  buted  to  the  greater  mechanical  resis- 


TABLE  III.  ALUMINUM/ STEEL  COUPLES  IN  SYNTHETIC  SOLUTION 
A . Fi  1 1 erCoa t eu  Aluminum/Filler  Coated  B lack  Plate  Steel 


System 


Coating  Thickness  (mils)  Galvanic  Corrosion  Current,  Microampres, 


Number 

Solution 

A 1 um i nura 

Steel 

1 

2 

3 

4 

5 

6 

7 

9 

18 

i 

C 

n.i 

10.9 

1.6 

1.9 

0.7 

1.5 

1.6 

2.8 

3.3 

5.4 

14.5 

2 

G 

12.1 

10 . 6 

14.9 

15.3 

13.6 

14.1 

14.5 

14.3 

14.8 

14.9 

17.4 

3 

C 

2.0 

2.0 

0.6 

0.7 

0.5 

(1.2; 

(0.5) 

(0.1) 

(0.1) 

0.2 

0.2 

4 

G 

2 . 2 

2.4 

45.5 

53.1 

55.1 

69.6 

97.6 

105.4 

113 

118.6 

158 

Floodant 

Coated  Aluminum/Floodant 

Coated  Black  Plate  Steel 

5 

C 

15.6 

15.2 

14.9 

9.6 

9.9 

11.6 

10.8 

14.6 

16.7 

21.6 

34.6 

6 

G 

15.8 

15.9 

18.9 

25.2 

21.6 

25.3 

22.6 

25.4 

21.8 

26.4 

50.1 

7 

C 

3.  1 

3.1 

9.1 

8.5 

13.8 

21.6 

27.8 

38.9 

41.2 

42.8 

46.3 

8 

G 

3.  1 

3.1 

29.6 

33.9 

27.9 

28.5 

34.1 

24.8 

24.5 

35.1 

43.6 

Plastic 

Coated  Alumi nura/Plas t ic  Coated  Tin 

Plated 

Steel 

9 

C 

2.3 

2.3 

16 

— 

13 

16 

— 

— 

-- 

14 

15 

10 

G 

2.3 

2.3 

16 



19 

25 







27 

25 

D . Plastic  Coated  Aluminum/ Bare  Black  Plate  Steel 

11  C 2.3  none  (.11)  ( . 1 1 ) ( . 1 1 ) ( . 08 ) - (.01)(.07) 

12  G 2.3  none  2.8  3.4  1.8  1.1  — .29  .03 

( ) Steel  anodic  to  the  aluminum 


3.1  MILS  FLOODANT 
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FIGURE  3 

GALVANIC  CORROSION  CURRENT  VERSUS  TIME 
IN  ACIDIC  SOLUTION  C FOR  COUPLES  OF  ALU- 
MINUM AND  STEEL  HAVING  VARIOUS  COATINGS 


GALVANIC  CORROSION  CURRENT 
(MICROAMPERES) 

FIGURE  4 

RELATIONSHIP  BETWEEN  FLOODED  ALUMINUM  DE 
STROYED  AND  GALVANIC  CORROSION  CURRENT 


EFFECT  OF  FLOODANT  AND  FILLER  THICKNESS  ON 
POLARITY  OF  ALUMINUM-STEEL  COUPLE  ONE  WEEK 
AFTER  COUPLING  ALUMINUM  AND  BLACK  PLATE  STEEL 


tance  of  thicker  coatings  to  destruction 
by  the  corrosion  processes.  With  less 
coating  destruction,  less  steel  is  ex- 
posed to  the  electrolyte,  and  the  corro- 
sion reactions  are  insufficient  to  effect 
a polarity  change.  In  addition,  since 
floodants  have  a greater  cohesive 
strength  than  fillers,15  they  are  more 
resistant  to  destruction. 


that  aluminum  pitting  occurs  in  the  pH  range 
of  about  4.5  to  9.0. ^ Outside  this  range 
corrosion  takes  place  by  a uniform  surface  at- 
tack as  the  surface  oxide  film  is  dissolved. 
Pitting  results  from  the  action  of  local  cells 
on  the  surface  of  the  metal.  The  point  of 
initiation  becomes  the  local  anode  while  the 
surrounding  metal  surface  forms  the  local  cath- 
ode. The  development  of  acidity  within  the 
pits  has  been  reported  by  many  workers.  The 
acid  may  in  turn  cause  the  metal  within  the 
pit  to  be  dissolved,  enlarging  the  pit.  The 
local  cells  which  lead  to  pitting  may  be  at- 
tributed to  differences  in  the  environment  in 
or  on  the  metal  surface.  The  most  common 
causes  of  local  cell  formation  are  local 
scratches  or  abrasion,  differential  concentra- 
tion, or  differential  aeration. 

The  increasing  corrosion  current  with  time,  as 
shown  in  Figure  3 for  flooded  aluminum,  exem- 
plifies a corrosion  mechanism  called  anodic 
undermining  corrosion.  Similar  behavior  has 
been  described  by  Koehler  who  considered  it 
as  one  of  the  most  significant  types  of  fail- 
ure mechanisms  for  metals  with  organic  coat- 
ings.20 The  mechanism  follows  the  pattern 
shown  in  Figure  6.  Corrosion  begins  at  the 
bare  edge  or  any  other  defect  in  the  coating. 
The  corrosion  products  grow,  detach  the  weak- 
ly adhered  coating  from  the  aluminum  sub- 
strate, and  force  the  fragile  coating  to 
break  up.  The  area  of  fresh  metal  at  the  ad- 
vancing edge  of  the  detached  coating  serves 
as  the  anode  in  a crevice  type  corrosion  cell. 
As  more  corrosion  product  is  generated  on  the 
newly  bared  metal,  more  coating  is  detached, 
continuing  the  process  across  the  width  of 
the  metal  at  an  accelerated  rate. 


It  should  be  pointed  out  also  that  the  in- 
ability of  a floodant  or  filler  material 
to  provide  corrosion  protection  to  a metal 
in  no  way  reflects  on  the  water  block  prop- 
erties of  these  materials. 


Discuss  ion 


The  use  of  galvanic  couples  of  steel  and  alu- 
minum, for  testing  the  effectiveness  of  coat- 
ings, can  accelerate  the  corrosion  rate.  This 
procedure  appears  to  be  a realistic  test  in 
that  shields  of  telephone  cables  are  bonded 
and  grounded  at  intervals  along  their  length. 
The  types  of  metals  used  for  bonding  and 
grounding  clamps  and  grounding  rods  are  often 
different  from  the  shielding  materials.  Also, 
certain  designs  of  cable  sheaths  incorporate 
dissimilar  metals  in  order  to  provide  both 
electrostatic  shielding  and  mechanical  armor- 
ing protection.  In  these  circumstances,  the 
potential  for  galvanic  corrosion  exists  and 
must  be  considered. 


Corrosion  Mechanisms  with  Flooded  Aluminum 

A discussion  of  the  nature  of  the  corrosive 
attack  of  bare  aluminum  in  soil  waters  is  es- 
sential to  understand  the  experimental  results 
with  coated  systems.  Aluminum  is  subject  to  a 
pitting  type  corrosion.  It  has  been  shown 


FIGURE  6 


MECHANISM  OF  ANODIC  UNDERMINING 
CORROSION  FOR  ALUMINUM  COATED 
WITH  FLOODANT 


The  corrosion  mechanism  observed  with  the 
flooded  aluminum  systems  bears  a close  rela- 
tlonshlp  to  pitting,  but  the  undermining  oc- 
curs preferentially  to  pitting  because  the 
coating  over  the  anodic  area  acts  as  a great- 
er barrier  to  diffusion  than  the  corrosion 
products  at  the  anodic  area  In  the  bottom  of 
the  pit.  Though  the  corrosion  mechanisms  in- 
volved In  pitting  and  crevice  corrosion  are 
similar,  with  crevice  corrosion  a foreign 
substance  usually  restricts  the  access  of 
electrolyte  to,  or  traps  electrolyte  on,  the 
metal  * s surface  . 

Corrosion  Reactions  During  Undermining  Corro- 
sion 

At  least  two  types  of  corrosion  reactions  may 
be  proceeding  concurrently  at  the  anodic  area 
during  the  anodic  undermining  process.  The 
difference  in  oxygen  concentration  between  the 
major  portion  of  the  test  solution  and  solu- 
tion trapped  in  the  anodic  area  under  the 
coating  produces  an  oxygen  concentration  cell. 
The  areas  having  the  greater  degree  of  oxy- 
gen starvation  become  anodic  to  those  of 
higher  oxygen  concentration  (cathodic  areas). 
When  the  oxygen  is  depleted  by  the  corrosion 
reactions,  a second  process  can  dominate  which 
causes  the  anodic  area  to  become  more  acidic. 
This  in  turn  can  intensify  the  attack.  Many 
investigators  consider  differential  aeration 
mechanisms  to  be  one  of  the  most  widespread 
and  important  reasons  for  corrosion  damage  in 
soils.21 

Another  factor  that  must  be  considered  as  im- 
portant to  the  overall  intensity  of  the  corro- 
sion reaction  is  the  relative  effectiveness  of 
the  coating  as  a barrier  to  diffusion  of  water 
and  oxygen.  As  the  barrier  property  of  the 
coating  improves,  the  intensity  of  the  cor- 
rosion mechanisms  can  increase.  Both  compo- 
sition and  thickness  of  the  coating  affect  this 
barrier  property.  Evidence  for  this  can  be 
seen  in  Table  II  where  aluminum  with  the  thick- 
er floodant  coating  (Systems  5 and  6)  in  both 
solutions  is  showing  greater  attack  than  the 
corresponding  systems  using  filler  (Systems  1 
and  2).  From  Table  III,  it  can  be  observed 
that  the  level  of  corrosion  current  is  also 
significantly  higher  for  the  systems  using 
floodant.  The  floodant  is  a greater  barrier 
to  water  and  oxygen  than  the  filler  allowing 
a greater  oxygen  deficiency  to  prevail  under 
the  coating.  This  intensifies  the  rate  of 
corrosion.  In  systems  with  thin  coatings, 
reduced  coating  strength  overrides  the  effect 
of  barrier  properties. 

Plastic  Coatings  on  Aluminum 

The  corrosion  mechanism  and  reactions  describ- 
ed for  the  flooding  compound  type  of  coating 
should  apply  equally  to  the  plastic  coatings 
on  aluminum.  Yet,  as  shown  in  Table  III,  alu- 
minum coated  with  the  adhesive  copolymer  sus- 
tained no  corrosion  damage  from  edge  attack. 
There  are  four  differences  that  contribute  to 
this  superior  performance  by  adhesive  copoly- 
mer coatings  . 


First,  most  organic  coatings  rely  only  on  wet- 
ting, or  intimate  molecular  contact,  for  ad- 
hesion. In  addition  to  this  attribute,  some 
plastic  coatings,  such  as  the  adhesive  copoly- 
mer used  in  this  study,  have  functionality 
within  their  composition  that  forms  a chemical 
bond  with  the  metal.  This  bonding  interaction 
combines  with  the  toughness  and  mechanical 
strength  of  the  coating  to  effectively  coun- 
teract the  mechanical  forces  generated  during 
the  corrosion  process  which  attempt  to  detach 
the  coating.  (A  discussion  of  thi6  bonding 
mechanism  is  quite  complex  and  has  been  given 
e 1 sewhere  . 2 2 ) 

Second,  the  chemical  bond  prevents  moisture 
and  chemicals  from  wicklng  under  the  coating. 
This  prevents  the  formation  of  differential 
aeration  cells  which  are  part  of  the  anodic 
undermining  corrosion  process.  Floodants  and 
pure  polyethylene  coatings  which  do  not  have 
this  bonding  advantage  show  instability  in 
corrosion  resistance.2-1 

Third,  the  mechanical  strength  of  the  coating 
is  retained  during  the  corrosion  process.  The 
volume  of  corrosion  product  generated  does  not 
destroy  the  integrity  of  the  coating  as  with 
the  floodants  . 

Fourth,  the  retention  of  corrosion  products  by 
the  coatings  reduces  the  corrosion  process  by 
restricting  the  rate  of  ion  transfer. 

Flooded  Steel  Corrosion  Mechanisms 

There  are  several  corrosion  mechanisms  that 
can  occur  with  the  flooded  steel.  First, 
there  is  the  familiar  mechanism  of  cathodic 
detachment.  Since  the  steel  surface  is 
easily  attacked  by  water  and  oxygen  to  form 
metallic  ions  of  iron,  the  surface  to  which 
the  coating  is  attached  corrodes  away  there- 
by disbonding  it.  This  appears  to  be  the 
main  mechanism  at  work  in  the  acidic  synthe- 
tic solution  C.  Here  the  corrosion  process 
began  at  the  edges  and  progressed  Inward.  An 
area  of  detached  coating  could  be  seen  advanc- 
ing ahead  of  the  voluminous  corrosion  product. 

A second  mechanism  appeared  to  be  at  work  in 
the  neutral  solution  G.  The  corrosion  pro- 
cess appeared  to  start  under  the  coating  and 
manifest  Itself  in  local  action  cells  which 
grew  into  pits.  To  have  local  cells  beneath 
the  coating,  an  electrolyte  must  be  present. 

If  a soluble  salt  residue  were  on  tne  surface 
of  the  steel,  it  could  draw  water  .o  it.  The 
water  in  turn  could  combine  wirh  he  salt 
forming  an  electrolyte  and  initiating  corro- 
sion. Indeed,  it  has  been  found  with  paints 
over  steel  that  failure  of  the  >aint  was  re- 
lated to  ferrous  sulfate  and  chloride  residues 
beneath  the  surface. ^ 

A third  mechanism  whereby  the  corrosion  pro- 
cess can  begin  under  the  coating  results  from 
permeation  of  aggressive  ions  through  the 
coating.  Much  work  has  been  done  to  confirm 
the  diffusion  of  ions  through  organic  coat- 
ings 25»26and  define  the  factors  which  in- 
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fluence  their  transfer.27*29  Once  the  ions 
and  water  reach  the  steel  surface,  the  elec- 
trolyte requirements  are  satisfied  and  a cor- 
rosion cell  can  be  formed  beneath  the  coating. 

A fourth  mechanism  comes  into  play  when  the 
local  action  cell  proceeds  sufficiently  to 
generate  enough  corrosion  product  to  rupture 
the  fragile  coating  of  the  floodant,  The 
corrosion  mechanism  may  now  change  strictly 
to  that  of  differential  aeration.  A differ- 
ence will  exist  between  the  oxygen  level  in 
the  corrosion  product  in  contact  with  che 
bulk  electrolyte  and  chat  under  the  coating. 
The  oxygen  starved  areas  beneath  the  coat- 
ing become  anodic,  and  the  corrosion  rate  is 
accelerated . 

It  should  be  pointed  out  that  black  plate 
steel  contains  all  the  requirements  for 
anodic  and  cathodic  areas  on  its  surface. 
During  the  production  of  low  carbon  steel, 
a microstructure  is  created  which  consists 
of  iton  carbides  in  a ferrite  matrix.  In  the 
presence  of  an  electrolyte,  the  ferrite  re- 
gions are  anodic  and  therefore  corrode  re- 
leasing metal  ions.  If  enough  ferric  ions 
accumulate  in  the  electrolyte,  they  can 
actively  participate  in  the  corrosion 
process  by  being  reduced  to  ferrous  ions. 

An  interesting  phenomenon  occurred  with  bare 
and  coated  black  plate  steels  in  acidic  so- 
lution C.  As  shown  in  Figure  5,  the  bare 
steel  became  anodic  and  corroded  preferen- 
tially to  the  aluminum.  When  only  the  bare 
edge  was  exposed  on  coated  samples,  the 
steel  remained  the  cathode.  This  would  tend 
to  indicate  fundamental  differences  between 
the  surface  and  edges  of  a metal  coupon.  A 
similar  observation  was  made  in  Part  I for 
bare  versus  coated  aluminum.  These  differ- 
ences were  explained  in  terras  of  the  energy 
states  of  the  exposed  areas.  For  example, 
slit  edges,  having  been  stressed,  are  at  a 
higher  energy  level  as  compared  to  flat  sur- 
faces and  are  therefore  less  resistant  to 
corrosion.  It  appears  that  in  the  case  of 
black  plate  steel,  these  differences  could 
be  due  to  impurities  on  the  surface. 

Elastic  Coatings  on  Tin  Plated  Steel 

The  behavior  of  the  plastic  clad  tin  plated 
steel  in  the  corrosive  environments  is  quite 
complex  in  that  the  tin  plate  is  a protec- 
tive coating  for  the  steel.  At  the  edge, 
the  tin  and  steel  are  exposed  to  the  aerated 
aqueous  solutions.  The  steel  corrodes  be- 
cause of  the  bimetallic  couple.  This 
preserves  the  integrity  of  the  tin  plate 
which,  in  turn,  allows  the  bond  of  tin  and 
adhesive  copolymer  coating  to  be  retained. 

The  tin  plated  steel  surface  is  also  less 
prone  to  the  formation  of  local  action  cells 
under  the  coating.  However,  tin  plate  coat- 
ings are  very  thin  and  naturally  porous.  It 
is  therefore  necessary  to  utilize  an  adhesive 
copolymer  coating  with  its  chemical  bond  and 
high  mechanical  strength  to  prevent  the 
underfilm  corrosion  processes  to  which  the 
flooded  steels  are  prone. 


Practical  Considerations 

For  buried  cables,  it  can  be  expected  that  the 
sheath  will  be  subject  to  damage  from  mechan- 
ical sources,  rodents,  and  lightning.  Every 
point  at  which  damage  occurs  becomes  a poten- 
tial shield  corrosion  problem  by  allowing 
the  entry  of  soil  water.  The  presence  of 
filler  and  floodant  in  filled  cable  will 
tend  to  localize  the  soil  water  at  the  damage 
site.  If  bare  metals  coated  with  filler  or 
floodant  are  used  in  the  sheath,  these  coat- 
ings cannot  be  expected  to  provide  corrosion 
protection.  They  are  unable  to  resist  de- 
struction by  abrasion  or  corrosion  processes. 

In  fact,  as  discussed  previously,  the  coatings 
may  accelerate  corrosion.  Unfortunately,  the 
direction  in  which  the  accelerated  corrosion 
can  take  place,  especially  in  corrugated  shield 
designs,  is  the  circumferential  direction. 

(This  is  due  to  the  fact  that  the  coating  is 
thinnest  on  the  crests  of  the  corrugations 
which  extend  circumferentially  around  the 
cable.)  This  is  the  most  undesirable  direc- 
tion for  corrosion  to  propagate.  A break  in 
longitudxnal  conductivity  of  the  shield  will 
destroy  its  protective  electrical  functions. 
Therefore,  suitable  corrosion  protection  must 
be  provided  to  the  shield  to  limit  corrosive 
attack  at  the  point  of  sheath  damage.  In  the 
case  of  the  s t ee 1 / a 1 umin urn  sheath  designs, 
the  additional  factor  of  galvanic  corrosion 
must  be  considered.  The  test  data  indicate 
that  these  requirements  for  corrosion  control 
can  be  met  through  the  use  of  adhesive  plastic 
coat ings . 

The  performance  of  a cable  utilizing  bare  alu- 
minum coated  with  filling  compound  was  recent- 
ly reported  as  part  of  the  six  year  data  from 
the  joint  soil  burial  studies  conducted  by  the 
National  Bureau  of  Standards  and  the  Rural 
Electrification  Administration.29  This  sys- 
tem, in  both  Site  C,  the  acidic  clay  soil,  and 
Site  G,  the  neutral  tidal  marsh  soil,  was  com- 
pletely destroyed  after  3 years  of  burial. 

Bare  aluminum  actually  out-performed  the  flood- 
ed aluminum  in  these  sites  while  plastic  coat- 
ed aluminum  significantly  out-performed  the 
bare  aluminum  in  the  neutral  Site  G.  These 
results  tend  to  support  the  corrosion  behavior 
described  herein  for  flooded  aluminum  systems 
in  that  the  flooded  aluminum  exhibited  an  ac- 
celerated rate  of  corrosion. 

As  shown  in  Figure  3,  there  is  some  slowing  of 
the  corrosion  process  when  the  floodant  coat- 
ing is  15  mils  or  more  in  thickness.  How- 
ever, to  prevent  circumferential  corrosion, 
this  thickness  must  be  maintained  over  the 
crest  of  the  corrugation.  From  the  cable 
manufacturing  standpoint,  it  is  impractical  to 
provide  or  maintain  such  heavy  coverage  of  the 
shield.  Examination  of  commercial  and  ex- 
perimental cables  in  our  laboratory  has  shown 
that  the  floodant  coating  is  so  thin  on 
the  crests  as  to  be  practically  nonexistent. 
Moreover,  whether  thick  or  thin,  floodant  coat- 
ings are  soft,  fragile,  and  lack  abrasion 
resistance.  Damage  to  the  sheath  will  phys- 
ically remove  or  thin  the  coating  irrespective 
of  thickness.  If  cable  diameter  were  increas- 
ed to  accomodate  ultra-thick  coatings,  this  would 


adversely  affect  the  economics.  At  the 

same  time,  the  ability  of  the  cable  to 

resist  jacket  slippage  would  be  reduced. 

Conclusions 

1.  The  potential  for  corrosion  exists  in 
buried,  filled  cables  in  spite  of  the 
use  of  water  blocking  materials  over 
the  metallic  components  of  the  sheath. 
Coatings  used  to  provide  corrosion  pro- 
tection to  metallic  shielding  and  ar- 
moring materials  require  adhesive  and 
mechanical  properties  that  can  resist 
the  forces  generated  during  the  corro- 
sion process  by  volume  changes,  hydro- 
gen evolution,  and  the  growth  of  corro- 
sion products  under  the  coating.  Me- 
chanically tough,  adhesive  copolymer 
coatings  which  develop  chemical  bond- 
ing to  the  metallic  components  provide 
these  properties.  Coatings  based  on  the 
floodant  and  filler  compositions  test- 
ed do  not. 

2.  The  mechanism  observed  for  bare  alu- 
minum coated  with  a flooding  compound 
appeared  to  be  anodic  undermining  cor- 
rosion. This  can  be  described  as  a 
form  of  crevice  corrosion  in  which  the 
anodic  area  occurs  between  the  bare 
metal  and  the  detached  coating  above 
this  metal  at  the  advancing  edge  of 
the  corrosion  process. 

3.  Several  corrosion  mechanisms  were 
noted  for  flooded  steel.  Cathodic 
disbondraent  appeared  to  initiate  any- 
where bare  metal  was  exposed.  Other 
corrosion  processes  appeared  to  ini- 
tiate beneath  the  coating.  When  the 
corrosion  products  generated  by  these 
processes  grew  to  the  point  where  the 
coating  was  ruptured,  differential 
aeration  appeared  to  be  the  dominat- 
ing corrosion  mechanism. 

4.  The  potential  for  accelerated  galvan- 
ic corrosion  exists  in  couples  of 
flooded  aluminum  and  flooded  steel. 
Galvanic  corrosion  of  the  aluminum  due 
to  the  dissimilar  metals,  anodic  under- 
mining corrosion  of  the  aluminum,  and 
cathodic  disbondraent  of  the  steel  all 
occur  simultaneously. 

3.  In  the  flooded  aluminum  and  black 

plate  couples,  the  steel  normally  is 
the  cathode  and  accelerates  the  cor- 
rosive attack  of  the  aluminum.  Under 
certain  limited  circumstances,  the 
steel  can  become  anodic.  This  be- 
havior appears  to  have  no  practical 
s igni f ica  nee . 

6.  As  the  resistance  of  the  coating  to  the 
diffusion  of  water  and  oxygen  was  im- 
proved through  compositional  changes 
and/or  increased  thickness,  the  inten- 
sity of  the  corrosive  attack  on  the 
aluminum  increased.  This  is  because 
the  corrosion  mechanism  at  work  obtains 
its  driving  force  from  relative  differ- 
ences in  the  concentrations  of  ions  and 
oxygen.  The  destruction  of  the  floodant 


coating  by  the  corrosion  process  aids  in 
establishing  these  differences.  No  ac- 
celerated effect  was  noted  with  adhesive 
copolymer  coatings  since  they  retain  their 
mechanical  properties. 

7.  The  studies  of  coated  metal  systems  by 

electrochemical  test  methods  are  more  com- 
plex than  that  of  bare  metal  systems.  How- 
ever, these  methods  do  appear  useful  for 
determining  the  degree  of  corrosion  pro- 
tection provided  by  coatings  when  rela- 
tively long  term  tests  are  undertaken. 
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Summary 


Development  of  Gas -stoppage  Dam,  which  forms  a very 
important  pail  of  gas  pressurized  telephone  cable  system, 
has  been  tried  by  a completely  new  manufacturing  process, 
that  is  , polyethylene  molding. 

The  point  of  the  development  is  to  obtain  complete  pack- 
ing in  a mold  containing  very  sophisticated  inserts  without 
any  contact  between  conductors. 

Gas -stoppage  dams  in  the  form  of  polyethylene  blocks  as 
large  as  about  120mm  are  successfully  commercialized  by 
this  method. 

1.  Introduction 

The  gas  pressurized  system  of  telephone  cables  in  Japan 
has  contributed  greatly  to  the  reliability  of  telephone 
services.  This  system  is  shown  schematically  in  Fig  l 
The  main  features  of  this  system  are  the  gas  supplvingehuip- 
ment,  gas  pressure  monitoring  system  and  gas -stoppage 
dam.  As  shown  in  Fig.  1,  the  gas -stoppage  dan,  is  installed 
at  the  boundary  point  between  the  feeder  cable  and  distribu 
tion  cable.  Multipairs  insulated  by  color  coded  pol.i  ih\lene 
are  used  for  the  distribution  i ahV  and  l.»«  |1  papers 
stalpeth  cable  for  the  feeder. 

In  the  conventional  type  ol  gas  stoppage  Jain,  i pro«.  t s 
of  injecting  epoxy  resin  into  die  lead  sleeve  and  curing  at 
laying  site  has  been  used,  but  complete  gastightness  could 
not  be  achieved  by  the  follow  ing  defects.  0 *) 

(L)  Cracking  or  void  formation  due  to  temper. :Uire 
change  or  vibration  during  the  curing  process  of 
epoxy  resin 


(2)  Cracking  due  to  the  difference  of  thermal  expansion 
of  epoxy  resin,  insulator  and  lead  sleeve. 

(3)  Poor  adhesive  property  of  epoxy  resin  to  polyet*  - 
lene. 

(4)  Ununi  forinity  of  thermal  conductivity  of  epoxy  resin 
during  curing  process. 

Hence,  when  a gas -stoppage  dam  became  defective  due 
to  these  causes,  it  w-as  necessary  either  to  make  another 
gas -stoppage  dam  or  to  replace  the  cable  with  the  defective 
dam  to  a new  one. 

Therefore,  increased  reliability  of  gas  -stoppage  dams 
and  reduction  of  labor  cost  in  the  field  have  been  aimed  at 
by  developing  a cable  with  a gas -stoppage  dam  in  a pre- 
s*.  ribed  position  assembled  in  a factory  with  good  working 
environment 

II.  Approach  to  Production 

A completely  new  process  has  been  tried  for  the  develop- 
ment of  a cable  with  gas -stoppage  dam,  instead  of  improving 
onventional  resins  cured  in  room  temperature  such  as  epoxy 
resin. 

Seeing  aside  the  formation  of  defects  during  the  curing 
prcHc  -,  the  most  important  problem  of  the  gas  pressurized 
svstem  using  epoxy  resin  is  the  gas  leakage  which  occurs 
with  time  in  the  longitudinal  direction  of  the  cable,  due  to 
the  poor  adhesive  propert\  ol  epoxy  resin  to  polyethylene. 

The  idea  is  that  since  the  cable  in  which  the  gas -stoppage 
dam  is  to  be  made  is  multi  pair  color  corded  polyethylene 
(polyethylene  insulated  and  stalpeth  sheathed)  cable,  higher 
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gastightness  must  be  obtained  by  molding  die  gas -stoppage 
dam  with  plastic  material  ol  the  similar  property  as  the 
cable  insulator  and  sheath. 

It  is  reported  that  the  process  of  molding  polyethylene 
into  a cut -open  portion  of  cables  was  used  for  submarine 
coaxial  cable  junctions. 

However,  there  lias  been  no  precedent  reports  of  molding 
thermoplastic  substance-  like  polyethylene  instead  of  room - 
temperature  cured  resin  into  a cable,  which  consists  of 
sophisticated  inserts  such  as  a group  of  HOC  - 2400  insulated 
conductors,  steel  tapes  and  sheath. 

Viewing  from  general  plastic  molding  technology,  it  may 
safely  be  said  that  there  are  few  plastic  products  more  than 
100mm  thick.  Some  molded  products  such  as  plastic  con- 
tainers. bath  tubs  and  so  on  are  so  bulky  but  their  wall 
thickness  is  several  tens  of  millimeters  at  most. 

Furthermore  these  molded  goods  are  completely  enclosed 
in  the  molding  process. 

On  the  other  hand,  our  molding  cannot  be  completely  en- 
closed since  the  part  of  the  cable  where  the  gas -stoppage 
dam  is  to  be  made  is  connected  to  the  outer  environment  in 
the  longitudinal  direction  through  the  cable  core. 

Hence,  different  mold  configulation  and  molding  technique 
are  required. 

Since  the  gas  stoppage  dam  should  not  degrade  the  func  - 
tion  of  the  telephone  cable,  we  must  pay  careful  attention  to 
maintain  conductor  insulation  during  the  molding  process. 
This  imposes  a temperature  restriction  on  the  process. 

HI.  Design  and  Manufacture 

If  it  is  possible  to  construct  a gas -stoppage  dam  based  on 
the  similar  properties  between  pofyethyienes.  much  better 
gastightness  than  epoxy  resin  must  be  achieved. 

However,  as  mentioned  before,  a great  number  of  tech- 
nical ditficulties  were  found  in  the  process  of  molding 
polyethylene  into  a cut -open  portion  of  mutipair  cable 

ill'  I hiHing  Compounds  jnd  lnsulati.-n  Materials 

The  properties  required  for  the  filling  compound  used  to 
form  the  gas -stoppage  dam  are:  the'  mechanical  properties 
fundamental  to  the  gas-stoppage  dam;  fluidity  enough  ro 
penetrate  into  the  all  insulated  conductors  to  ensure  com- 
plete gastightness;  and  strong  adhesiveness  to  insulators. 

On  the  other  hand,  insulation  materials  must  have  good 
heat  resistance  which  can  withstand  the  injection  tem- 
perature during  the  polyethylene  molding  process. 

Certain  special  compounds  which  can  satisfy  the  re- 
quirements described  above  have  been  obtained  as  a result 
of  investigations  of  fundamental  properties  of  every  obtain- 
able kind1;  or  polyethylene  including  blended  matrices. 

During  this  research  work,  heat  resistance  and  adhesiveness 
of  insulators  and  the  adhesiveness  between  insulators  and 
conductors  were  also  studied,  reaching  the  optimal  solution. 

Ill -2  Molding 

When  a gas -stoppage  dam  is  to  be  manufactured,  there 
are  three  important  factors:  form  of  the  cut -open  portion  of 
the  cable,  mold  configulation  and  molding  methods  (Careful 
selection  of  filling  compounds  and  insulation  materials  is 
of  course  essential.).  The  processing  of  the  cut -open  portion 
involves  cutting  the  sheath  open,  removing  the  binding  tapes 
untying  the  bundle  and  inserting  a spacer  of  the  same  mate- 
rial as  the  filling  compound  to  facilitate  filling  injection. 


A special  mold  and  cooling  process  is  employed  since  the 
mold  is  open  type  unlike  the  shut -tight  mold  of  usual  plastic 
molding. 

The  resin  injection  gate  is  so  desighned  that  the  resin 
can  be  injected  completely  and  uniformly  around  the  insu- 
lation conductors. 

Furthermore,  it  is  well  known  that  various  problems 
generally  arise  dur.ng  the  processing  of  this  kind  of  plastic 
molding  and  our  gas -stoppage  dam  processing  is  no  exception. 

However,  a simple  application  of  the  usual  molding  tech- 
nique lias  been  found  to  be  quite  inadequate  for  filling  polye- 
thylene around  such  a large  group  of  insulated  conductors, 
in  order  to  get  complete  gastightness  and  other  necessary 
properties  for  gas -stoppage  dams. 
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Total  dimension 

Dam  dimension 

1-1  (mm) 

Dj(mm) 

L2(mm) 

D2(mm) 

4 OOP 

480 

85 

410 

80 

8 OOP 

500 

105 

430 

1(K) 

12  OOP 

520 

125 

450 

120 

Fig.  2 Dam  Structure 


Therefore,  flow  molding”  technology  has  been  studied 
and  complete  gas -stoppage  dams  in  any  part  of  the  cable 
have  been  made  possible,  by  the  development  of  the  follow- 
ing molding  process:  preheating  of  the  cable  - resin  in- 
jection — first  stage  pressuring  — second  stage  pressuring 
— cooling. 

Photo.  I shows  the  entire  gas -stoppage  dam  manufactured 
as  the  result  of  this  technical  development.  Fig.  2 shows 
its  dimension:  120mm  diameter  for  1200  pair  cable 
Photo. 2 shows  a cross-sectional  view  of  the  gas -stoppage 
dam,  in  which  very  uniform  dispersion  of  2400  insulated 


Photo.  I Dam  structure 


Photo.  2 Cross-sectional  view  of  Dam 
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Table  1 Testing  Items  of  Lead-up  Cable  with 
gas -stoppage  dam 
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Photo.  3 Enlarged  microscopic  view 
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Molding  Equipment 


conductors  can  be  seen  Photo.  3 shows  an  enlarged  micro- 
scopic view  of  this  part:  complete  dispersion  of  the  filling 
compound  in  the  quad  can  be  seen  Photo.  4 shows  the  gas- 
stoppage  dam  manufacturing  equipment  which  is  used  by  us 
in  practise.  Since  this  extruder  has  a rotating  head,  en- 
abling alternative  filling  of  two  molds,  one  may  be  preheated 
during  the  cooling  period  of  the  other.  Temperature  control 
of  the  molds  and  the  extruder  is  possible  from  a central 
controle  panel. 

Presently,  completely  automatic  control  of  the  whole 
molding  process  by  computer  is  under  study,  intending  to 
reduce  molding  faults  due  to  human  error  in  the  opperation 
and  increase  the  reliability  of  gas -stoppage  dams. 

In  addition,  completely  gastight  dams  for  plastic  insulated 
stalpeth  cable  (full  size;  0.32mm  x 3600  pairs)  has  been 
achieved  by  the  same  process  as  described  above. 

The  cables  with  gas -stoppage  dams  manufactured  by  this 
method  are  wound  onto  drums,  with  mean  cable  length  of 
about  30m,  for  shipment. 

IV.  Properties  of  Polyethylene -Molded  Gas-stoppage  Dams 

In  stead  of  improving  conventional  gas-stoppage  dams 
using  epoxy  resin,  a completely  new  manufacturing  process, 
that  is,  polyethylene  molding,  has  been  studied  and  developed. 
A series  of  type  tests  (Table  1)  were  performed  to  check 
whether  the  gas-stoppage  dams  had  the  required  functions. 
Photo.  5-6  show  a part  of  the  type  tests.  It  was  found  that 
the  polyethylene-molded  gas  -stoppage  dams  passed  the  test 
completely  and  were  superior  to  the  conventional  epoxy 
resin  type  processed  in  the  field 
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Photo.  6 Bending  test 
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As  another  type  test,  a low  temperature  impact  test  was 
performed,  confirming  that  the  properties  are  almost  equal 
to  those  of  the  cable  sheath. 

For  a severer  outdoor  exposure  test,  a gas-stoppage  dam 
under  gas  pressure  and  without  a protecting  cover  has  main- 
tained excellent  gasughtness  after  more  than  5 years'  expo- 
sure. Gas -stoppage  dams  are  now  widely  used  in  Japan. 
Eversince  more  than  35,000  gas -stoppage  dams  by  this 
process  have  been  supplied  for  commercial  circuits,  giving 
firm  proof  of  their  high  reliability. 


Mr.  Azuma  graduated  from  Tokyo  Institute  of  Technology 
with  a B.  SC.  in  chemical  engineering  in  1959.  Then,  he 
joined  The  Furukawa  Electric  Co.,  Ltd.  and  has  been 
engaged  in  research  and  development  of  plastic  materials 
and  manufacturing  methods  for  telephone  cables.  He  is 
now  a Manager  of  the  Production  Engineering  Department 
of  Telecommunication  Division  of  The  Furukawa  Electric 
Co.,  Ltd.,  and  a member  of  the  Society  of  Polymer  Science 
of  japan 


V.  Conclusion 
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Production  of  the  gas -stoppage  dam,  which  occupies  a 
very  important  role  in  telephone  cables  as  a gas  pressurized 
system,  has  been  studied  by  a completely  new  manufacturing 
process,  namely  the  polyethylene  molding  process  and  the 
following  conclusions  was  obtained. 

(1)  The  utilization  of  strong  adhesiveness  between  polye- 
thylenes  is  very  effective  to  solve  the  difficulties 
associated  with  the  conventional  epoxy  resin. 

(2)  A molded  polyethylene  products  having  very  compli- 
cated inserts  and  thickness  of  more  than  100mm  has 
been  commercialized  successfully. 

(3)  The  cable  with  gas -stoppage  dams  developed  by  this 
method  has  been  found  to  have  very  high  reliability 
in  practical  application. 
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THE  USE  OF  BLOWING  AGENT  CONCENTRATES  IN  THE  MANUFACTURE  OF  TELECOMMUNICATIONS  CABLES 


BY:  T.C.  HODGSON , D.B.  CARE FOOT , G.F.  GOUTHRO  (SANTECH  INC. TORONTO)  S.M.  BEACH  (PHILLIPS  CABLES  LTD.  VANCOUVER) 


SUMMARY 

When  Blowing  Agent  Concentrates  are  used  in 
the  proper  extrusion  equipment  a cellular  product 
can  be  made  which  compares  well  with  the  product 
which  is  being  made  with  fully  compounded  materials. 

Considerable  savings  are  possible  in  raw 
material  costs.  Problems  of  pre-decomposition  of 
the  Blowing  Agent  are  avoided  and  at  the  same  time 
excellent  dispersion  and  cell  structure  can  be 
achieved . 

The  Wire  & Cable  manufacturer  is  given  the 
ultimate  in  flexibility  in  choice  of  resin  and  foam 
density  to  suit  any  property  particular  to  his  end 
product . 

This  paper  will  discuss  (1)  The  manufacture  of 
non-plating  blowing  agent  concentrates,  (2)  Quality 
control  and  analytical  methods  involved,  (3)  Choice 
of  base  resin,  (4)  Comparison  of  foam  insulation 
properties  using  the  concentrate  method  and  the 
fully  compounded  method. 

INTRODUCTION  AND  DISCUSSION 

The  use  of  foamed  insulation  in  place  of  solid 
polyethylene  or  polypropylene  has  been  popular  in 
Canada,  parts  of  Europe  and  Japan  for  5-10  years. 

More  recently  foamed  insulation  has  made  its 
appearance  in  the  United  States.  Not  only  does  the 
foam  use  less  resin  as  would  be  expected  but  since 
the  capacitance  of  the  foam  more  nearly  approaches 
the  ideal,  i.e.  that  of  air,  a smaller  diameter 
insulation  is  used.  Telephone  distribution  cables 
can  be  smaller,  lighter  or  more  pairs  can  be  used 
in  a given  bundle.  The  usual  method  of  manufacture 
is  to  extrude  the  insulation  from  a full  letdown  of 
blowing  agent  i.e.  typically  0.5  to  1%  azoci- 
carbonamide  in  the  polyethylene  or  polypropylene. 
Medium  or  high  density  polyethylene  is  used  since 
lower  densities  suffer  more  from  the  problem  cf  the 
cable  filler  entering  the  cells.  Unless  a special 
cable  filler  is  used  which  prevents  cell  fillirg 
high  density  polyethylene  or  polypropylene  is  used. 

One  difficulty  of  this  is  that  the  high  density 
polyethylene  and  polypropylene  process  at  temperatures 
above  the  start  of  decomposition  of  the  blowing 
agent.  Therefore  preparation  of  the  "full-letdown" 
resin  is  very  difficult  for  the  resin  supplier  who 
must  prevent  pre-decomposition  taking  place.  A full 
let-down  resin  can  only  be  used  to  produce  foams  in 
a narrow  range  of  densities.  In  some  cases  con- 
siderably different  densities  are  required. 

An  alternative  method  which  will  be  discussed 
in  this  paper  is  to  use  a concentrate  of  the  blow- 
ing agent  with  a natural  resin.  Colour  can  be  added 
as  a concentrate  as  is  the  usual  practice  today. 

The  second  stage  of  this  work  involves  the 
addition  of  colour-blowing  agent  multi-pellets.  Thus 
the  colour  and  blowing  agent  are  added  from  the  meter- 
ing device  at  one  time  in  one  pellet.  This  method 
makes  the  concentrate  system  as  simple  to  use  as 
the  present  one. 

It  will  be  shown  how  the  concentrate  method 
gives  control  of  foam  density,  prevents  premature 
decomposition  of  the  blowing  agent,  provides  a lower 
cost  insulation,  allows  the  processor  a choice  of 
base  resin  and  allows  more  than  one  density  of 
foam  to  be  produced.  Physical  and  electrical  pro- 
parties of  the  insulation  can  be  produced  on  suitable 
process  equipment  in  the  manufacturing  facility. 


MANUFACTURE  OF  THE  CONCENTRATE 

The  most  commonly  used  blowing  agents  are  the 
non-plating  azodicarbonamides . These  have  been 
described  by  Roulstone  et  al.  They  contain  a filler 
which  releases  water  at  decomposition  temperature. 

NON  PLATING  AZOD I CARBON AM IDE 

Suggested  decomposition  mechanism  is  as  follows. 
There  are  three  probable  reactions. 

0 0 

1.  H2  N C - N=N-C  N H2— > N2  + CO  + NH ^ + HNCO 

(Azodicarbonamide)  (Cyanic  Acid) 

0 0 

2.  2H2N  C-N=N-CNH2  — > 

0 0 

H2NC-N-N-C-NH2+N2+  2HNCO 
H H 
(Biurea) 

The  Biurea  may  lose  ammonia  to  form  a urazole 

In  the  presence  of  acid  or  base  at  high  temperatures 
azodicarbonamide  can  hydrolyse  as  follows. 

0 0 

3.  H2N  C-N=N-CNH2+  2H20  — > 

0 0 

H2N  - C-  N-  N-  C-  NH2  + N2  ♦ 2<X>2  ♦ 2NH  ^ 

H H 

The  cyanic  acid  from  1 or  2 may  react  with  water  as 
follows : 

HNCO  + H20  -->  NH3  + CX>2 


UNTREATED  AZODICARBONAMIDE 


In  this  case  the  Cyanic  acid  trimerises  to 
cyanuric  acid,  and  isocyanic  acid  to  cyamelide. 
The  equilibrium  may  be  represented  by:- 

H - N * C * 0 
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HO-C  C-OH 
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The  cyanuric  acid  forms  a white  plateout  on 
the  extruder  screw  and  die.  This  results  in  in- 
creased head  pressure  and  greater  variance  in 
extrudate  diameter.  Capacitance  can  also  be 
af  fected . 

A method  of  making  the  cyanuric  acid  soluble  in 
these  polymers  to  prevent  plateout  has  been  reported 
by  Yanagisawa  et  al.  That  method  may  well  be 
suitable  for  the  concentrate  system  although  at 
this  time  our  work  has  been  only  concerned  with  the 
treated  azodicarbonamides . 


Tig. 2.  The  equipment  cued  in  the  QuaZiXy  Control 
Procedure. 


TREATED  AZODtCARBONAMIPE 


Teg.  1 Efaect  oft  l/ula-tclc*  on  Concentrate 


Figure  1 illustrates  pellets  of  the  concentrate 
which  are  controlled  for  volatiles  compared  with 
uncontrolled  compound. 

The  blowing  agent  is  prepared  as  a high  quality 
dispersion  from  a compatible  polymer  base.  This 
dispersion  is  then  reduced  to  20%  active  with 
polymer , extruded  and  pelletized. 

Care  must  be  taken  at  this  point  to  ensure  that 
the  concentrate  melt  viscosity  is  a little  lower  than 
the  final  host  resin  to  be  certain  of  uniform  let- 
down and  dispersion.  This  whole  process  is  done  at 
temperatures  below  150®C.  Since^the  blowing  agents 
begin  to  decompose  at  approx  170  C.  no  predecom- 
position occurs  during  this  process. 

When  compounding  colour  with  blowing  agent 
the  procedure  is  identical  to  ensure  ultimate  let- 
down and  dispersion  of  the  colour  as  well. 

QUALITY  CONTROL  OF  THE  DISPERSION 

After  preparation,  samples  of  the  concentrate 
are  tested  for  gas  yield  and  activation  temperature 
on  an  instrument  known  as  a Cell-U-CorderR.  In  this 
instrument  a sample  of  foamable  polymer  is  loaded 
into  a sealed  mixing  chamber  at  a temperature  below 
initial  decomposition.  The  temperature  is  then  pro- 
grammed to  220^c.  during  which  the  polymer  viscosity, 
and  melt  temperature  are  measured.  The  gas  produced 
by  the  blowing  agent  in  the  polymer  is  led  from  the 
mixing  chamber  through  a mass-f lowmeter . There  an 
accurate  measurement  is  made  of  gas  evolution  rate 
and  this  information  recorded  on  a travelling  chart. 

A totaliser  is  used  to  count  the  total  volume  of  gas 
evolved . 


F-cg.  3 Non  Plating  Azodicarbonamide  in  Polge,thglene 


4 fampatciert  Regular  and  Treated 
Azodicarbonamde 


Figure  4 shows  there  is  a slight  difference 
between  treated  and  untreated  Azodicar bonamide . It 
should  be  noted  that  the  treated  material  is  only 
about  65%  active  ingredient.  It  is  suspected  that 
in  the  treated  version  some  qas  comes  from  the 
breakdown  of  the  cyanic  acid  to  NH^  and  CO 2*  It  will 
be  appreciated  that  this  instrument  can  be  used  to 
show  if  any  predecomposition  has  occurred  or  if  the 
incorrect  quantity  of  active  ingredient  has  been 
used . 

CHOICE  OF  KESIN 

The  concentrate  method  does  allow  some  choice 
in  final  insulation  resin.  If  the  electrical  re- 
quirements can  be  met  and  the  resin  can  tolerate 
speeds  of  5000  ft/min.,  then  the  next  step  is  to  run 
a viscosity  check  to  make  sure  the  resin  is  similar 
to  present  commercial  products. 


Samples  of  foamed  extrudate  are  made  from 
resins  that  show  promise  at  this  stage.  It  has 
been  found  that  a Brabender  3/4"  lab  extruder  can 
be  successfully  used  to  evaluate  resin  and  blowing 
agent  or  colour  concentrates.  Using  the  current 
commercial  "full  letdown"  resin  as  reference,  samples 
are  run  through  a 1/0"  diam.  rod  die.  Thin  slices 
or  microtomed  sections  of  the  foam  are  then  exa- 
mined under  a microscope.  Particular  attention 
being  paid  to  cell  size  and  uniformity.  The  number 
of  breaks  are  noted. 


Fig.  6 Fean)  QuaJLity  wiMi  ditfieip.nt  ReJ>in& 

Resin  "A"  is  a current  commercial  foamable 
resin.  "B"  is  a similar  resin  with  the  concentrate 
added.  "C"  is  a different  resin  with  the  con- 
centrate which  is  unlikely  to  be  suitable  for  this 
type  of  insulation,  e.g.  this  resin  may  have  an 
unsuitable  melt  viscosity  at  blowing  agent  de- 
composition temperatures.  Resins  that  have  been 
successful  usually  show  a high  melt  strength  in  the 
decomposition  range  (6CC  f^ig . 5) 

METHODS  OF  USE 

The  usual  practice  heretofore  in  the  telephone 
industry  for  cellular  polyethylene  insulation  has 
been  the  use  of  a fully  letdown  blowing  agent  in 
resin  without  colour.  The  colour  is  added  in  the 
form  of  a masterbatch  at  the  feed  zone  of  the  ex- 
truder producing  the  insulation.  The  insulation 
usually  contains  about  30-35%  void. 

Telephone  singles  are  now  being  produced  using 
the  blowing  agent  colour  masterbatch  in  the  range 
of  30  to  60%  void.  With  satisfactory  temperature 
and  mixing  control  during  processing  the  product  so 
produced  compares  very  well  with  the  full  letdown 
system.  Existing  two  component  metering  devices 
such  as  the  Wilson  colormeter*  can  be  successfully 
used  to  feed  this  masterbatch. 
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Mechanism  of  bubble  formation  (efficient  nucleation). 

Figure  JO. 


‘Full  letdown  resin’ 

Insulation  with  approx.  40%  void. 

UguAe  6. 

Competitive  forces  which  will  always  be  our  lot 
have  clearly  indicated  that  the  higher  levels  of  blow 
are  desired.  To  obtain  these  higher  levels  certain 
alterations  in  resin  viscosity  may  be  required  but 
certainly  higher  levels  of  blowing  agent  must  be 
used.  In  attempts  to  reach  60%  void  via  the  full 
letdown  technique  one  difficulty  has  been  the 
presence  of  preblow.  This  affects  the  cell 
nucleation  and  causes  poor  cell  structure. 

In  order  to  produce  a fine  cell  structure  it 
is  accepted  that  cell  formation  should  occur  between 
the  exit  die  and  the  water/wire  interface  in  the 
mobile  cooling  trough.  Approximately  90%  of  the 
blowing  agent  should  be  decomposed  in  the  extruder 
head  and  the  gas  remain  in  solution  in  the  polymer. 
The  remaining  10%  decomposes  as  the  material  leaves 
the  die  creating  "hot  spots"  which  provide  sites 
for  nucleation. 
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When  indiscriminate  variable  preblow  exists  in 
the  product  before  entering  the  extruder,  diameter 
and  capacitance  are  virtually  uncontrollable. 

It  will  be  clear  that  with  the  concentrate 
method  the  heat  history  is  in  the  hands  of  the  wire 
and  cable  processor.  A recent  typical  concentrate 
run  was  of  40  million  feet  of  highly  blown 
(60%  void)  telephone  single  for  use  in  the  manu- 
facture  of  DUCTCEL  R. 


Figure  M.  Sample  of  the  55$  Void  hi&u&Uicn 

At  the  35%  void  level  the  concentrate  method 
gives  virtually  no  change  in  physical  properties. 

It  will  be  recognized  that  as  the  percentage  void 
increases  physical  properties  of  the  insulation 
change.  The  overall  insulation  diameter  decreases. 
The  fragility  of  the  insulation  sleeve  increases 
and  the  tensile  and  elongation  decrease. 

Whether  the  full  cost  saving  of  this  55%  void 
type  can  be  utilized  depends  on  the  particular 
processor  and  the  market  he  must  satisfy.  It  is 
his  choice  to  obtain  the  degree  of  blow  that  is 
technically  and  commercially  acceptable  to  him. 


Mechanism  of  bubble  formation  (poor  nucleation). 
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conclusion 

When  proper  care  is  taken  to  control  volatiles 
and  attention  is  paid  to  ultimate  dispersion,  a 
concentrate  can  be  produced  which  has  been  used  in 
many  millions  of  feet  of  telephone  singles. 

The  concentrate  can  be  controlled  from  batch 
to  batch  to  ensure  the  correct  amount  of  gas  will 
be  produced  at  the  right  temperature  when  it  is 
required. 

The  wire  and  cable  processor  using  suitable 
extrusion  equipment  and  existing  c*etering  facilities 
can  produce  high  quality  telephone  singles,  vary  his 
base  resin  within  certain  limits  and  adjust  insulation 
density  to  meet  the  needs  of  his  market  and  at  the 
same  time  obtain  considerable  cost  advantages. 
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SUMMARY 

The  increasing  use  of  plastic  insulated  cables 
with  color  ring  marking  and  the  production  of 
plastic  insulated  wires  with  take-up  speeds  of 
2000  m/min  (6500  feet/min)  or  even  more  de- 
mand the  introduction  of  very  fast  and  econo- 
mically operating  marking  equipment.  A method 
is  described,  by  which  an  electrically  char- 
ged, colored  ink  jet  is  deflected  by  a high 
voltage  electrical  field.  Deflection  frequen- 
cies of  more  than  1500  cycles  per  second  are 
possible.  Furthermore  a digital  phase  shif- 
ting method  is  demonstrated,  by  which  the 
synchronisation  of  single  and  multi-ring  mar- 
king is  achieved.  Finally  a machine  is  pre- 
sented, by  which  the  described  new  technique 
is  realised. 


INTRODUCTION 

Plastic  insulated  wires  are  marked  with  colo- 
red rings  to  allow  an  easy  identification  of 
the  wires  in  a cable.  Nowadays,  it  is  possible 
to  extrude  plastic  insulated  wires  with  speeds 
far  above  1000  m/min,  while  the  actual  pro- 
duction speed  of  color-ring  marked  wires  is 
in  most  cases  limited  by  the  operating  speed 
of  the  marking  system. 


LORENZ  AG  (ITT) 
Germany 


The  presently  known  methods,  which  allow  a 
fast  change  between  two  different  colors  or 
marking  codes,  are  limited  to  speeds  much 
less  than  1000  m/min.  Other  methods,  which 
are  running  faster  than  1000  m/min,  will 
need  an  excessively  long  converting  time  and 
are  normally  to  be  used  for  rings  of  one 
color  only.  This  situation  led  to  the  deve- 
lopment of  a new  type  of  marking  equipment, 
which  had  to  fulfill  the  demands  as  follows: 


Requirements  : 

* Marking  speed  up  to  2000  m/min  for  ring 
distance  larger  than  10  mm 

* time  intervall  for  the  change  of  colors 
or  marking  code  should  be  less  than  20 
seconds 

* universal  application  for  different  marking 
codes  (e.g.  single  ring,  double  ring,  twin 
color  marking) 

* compactness  of  set-up;  simplicity  of 


control 

* low  expense  for  maintenance 
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THE  METHOD,  ITS  FUNCTION 
AND  THEORETICAL  BASE 

The  available  methods  for  the  ring  marking  of 
insulated  wires  have  the  common  disadvantage 
of  using  a mechanically  oscillating  or  rota- 
ting device.  The  mechanically  oscillating 
system  is  limited  by  the  oscillating  mass 
while  the  rotating  system  with  its  high  cen- 
trifugal forces  causes  a sedimentation  of  the 
color  pigments,  which  leads  to  frequent 
blocking  of  the  bore  holes.  In  addition,  the 
life  time  of  rotating  or  oscillating  machine 
parts  decreases  exponentially  with  increasing 
speed . 

Therefore  the  research  activities  were  direc- 
ted towards  a method,  which  eliminates  the 
above  mentioned  disadvantages  and  allows  the 
introduction  of  additional  feature.  The 
principle  function  of  this  method  is  demon- 
strated in  fig.  1. 


Fig.  1 Schematic  diagram 

of  novel  method  for  ring  marking 


A cog-wheel  pump,  which  is  driven  by  a motor 
with  continuously  variable  rotating  speed, 
transports  the  marking  ink  through  the  pipe 
system  (1).  The  irregularities  in  the  ink 
flow  are  equalised  by  a buffer  tank  (2). 
Before  reaching  the  grounded  magnetic  valves 
(3),  the  ink  pressure  is  measured  (4)  and 
electronically  compared  with  an  adjustable 
threshold  value.  This  allows  the  valves  to 
open  automatically  after  reaching  a preset 
operating  pressure  and  to  give  access  to  the 
unmoved  nozzle  (5).  The  ink  jet  leaves  the 
nozzle  horizontally  with  a pressure  of  about 
1 bar  and  a diameter  of  about  0.5  mm. 


The  ink  jet  then  passes  the  deflecting  system, 
consisting  of  two  very  good  insulated  cylin- 
drical electrodes  (6).  This  deflecting  system 
is  comparable  with  the  one  of  an  electron 
beam  oscilloscope.  A marking  ink  with  special 
physical  properties  is  charged  with  electric 
carriers  by  application  of  a high  tension 
direct  current  between  the  grounded  valves 
and  the  insulated  ink  nozzle.  The  deflecting 
force  on  the  charged  ink  jet  passing  the 
electrical  field  between  the  deflecting  elec- 
trodes is  given  by  the  Coulomb  relationship: 

7 = n • e • E ( 1 ) 

with  F - force  vector 

n - number  of  carrurs  per  unit  of  volume 
e - elementary  electrical  charge 
t = electrical  field  vector 

The  electrical  field  between  the  deflecting 
electrodes  causes  a vertical  acceleration  of 
the  ink  particles.  They  leave  the  deflection 
system  in  that  direction  which  they  moment- 
arily reach  during  their  acceleration  within 
the  alternating  electrical  field.  Using  a 
sine-wave  deflecting  voltage  and  watching  the 
jet  with  a stroboscopic  flashlight  the  image 
of  the  oscillating  jet  is  to  be  seen  very 
clearly.  An  extruded  wire  (7),  running  into 
z-direction  will  be  marked  by  the  touch  of 
the  wave  shaped  ink  jet  at  every  zero  passing 
with  one  half  of  a ring.  The  completing  half 
of  the  ring  is  made  by  a second  ink  jet, 
which  comes  from  a nozzle  located  in  a z- 
shifted  position  on  the  opposite  side.  Both 
halves  are  joined  by  using  the  proper  phase 
relation  between  the  two  ink  jet  modulations. 


Fig.  2 The  oscillating  ink  jet  at  a frequency 

of  1000  eps  with  the  ring  coded  wire 
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Figure  2 shows  the  wedge  shaped  enlarging 
deflection  of  the  ink  jet,  which  is  modulated 
by  a sine  wave  deflection  high  voltage  with  a 
frequency  of  1000  cycles  per  second.  This 
corresponds  at  a mean  ring  distance  of  1 5 mm 
with  a line  take-up  speed  of  1800  m/min.  The 
ink  collecting  trough  is  cut  on  the  sidewalls 
to  allow  the  passing  of  the  extruded  hot  wire. 
The  amplitude  of  the  ink  jet  oscillation  at 
this  point  is  about  15  mm. 

The  shape  of  the  modulated  ink  jet  oscillation 
in  the  x-y  plane  against  the  wire  is  given  by 
the  following  equation: 

y = a*- sin  . x (2) 

vx 

with  ax=  amplitude  of  the  jet  oscillation 
depending  on  the  x-value 

UJ  - circle  fr^-uency 

vx=  x-coraponent  of  ink  velocity 


The  quality  of  the  ring  marking  is  determined 
by  the  slope  of  the  oscillating  ink  jet  at 
the  location  of  the  wire,  i.e.  at  the  x-axis 
crossing  point  of  the  curve  given  in  equation 
(2).  This  slope  is  described  by 


SYNCHRONISATION  OF  RINGS, 

MULTI-RING  MARKING 

The  marking  of  a wire  with  one  closed  ring 
needs  two  deflecting  units  as  shown  in  fig.l. 
A certain  phase  relation  between  the  two 
oscillating  ink  jets  is  necessary  to  achieve 
the  jointing  of  the  two  ring  halves.  This  can 
be  done  either  by  adjustment  of  the  mechanical 
set-up  or  by  pressure  control.  A completely 
electronic  method  was  developed  to  allow  an 
even  easier  adjustment  combined  with  a simple 
set-up  of  the  deflecting  units  and  further- 
more the  possibility  of  remote  control.  This 
was  also  favoured  because  of  the  high  opera- 
ting speed. 


with  a q = amplitude  at  the  marking  point. 


Equation  (3)  shows,  that  the  slope  of  the  ink 
jet  in  the  marking  area  will  decrease  with 
decreasing  modulation  frequency,  if  the  ink 
velocity  is  kept  constant.  That  means,  that 
the  ring  halves  have  an  inclination  which 
increases  at  greater  ring  distance  or  lower 
take-up  speed.  This  negative  effect  is 
totally  compensated  by'  using  a modulation 
voltage  with  a sine  wave  form,  that  is  appro- 
ximated to  a slightly  rounded  rectangular 
shape  with  decreasing  frequency. 


1 

frequency  generator 

2 

frequency  converter 

3a,  3b 

VCO,  triangle  ni,  ii 
rectangular  pulse,  ^=0 

5 

DC  voltage,  variable 

*>b 

comparator 

7 

flip-flop,  output  Ey> 

Fig.  3 


Blockdiagrara  of  a digital 
phase  shifting  method 


The  operating  limit  of  this  method  is  present- 
ly at  a deflection  frequency  of  about  1500cps. 
A further  increase  of  this  frequency  limit 
seems  to  be  possible.  But  the  inertia  of  the 
ink  jet  is  the  reason  for  its  behaviour  like 
a low  pass  RC-filter,  which  leads  to  a 
decrease  of  the  deflection  amplitude  with 
increasing  frequency.  However,  it  is  essential 
that  a minimum  amplitude  in  the  marking  area 
shall  not  be  exceeded  in  order  to  achieve 
good  quality  of  marking. 


Figure  3 shows  a block  diagram  of  this  elec- 
tronic ring  synchronisation.  Its  main  task  is 
to  generate  two  electrical  oscillations 
according  to  the  following  equations: 

oscillation  1 Ei  - Epsinut 

oscillation  2 E2  = eo'  sin 

withjf  = phase  angle 


Another  restricting  factor  is  the  relation 
between  the  speed  of  wire  vz  and  the  horizon- 
tal speed  of  ink  particles  vx.  An  increasing 
value  of  this  relation  V£  means  an  increas- 

vx 

ing  sickle-shape  of  the  ring  halves. 


The  phase  shift  angle  must  be  independent  of 
the  frequency,  because  the  synchronisation  of 
the  both  ring  halves  must  be  stable  even  for 
small  deviations  of  the  take-up  speed.  As 
conventional  phase  shifting  circuits  have  a 
frequency  depending  shift,  a frequency  inde- 
pendent solution  on  a digital  basis  was 
developed.  The  block  diagram  of  this  method 
is  contained  in  figure  3. 
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The  extrusion  line  drives  a frequency  gene- 
rator (1)  which  supplies  a velocity  proportio- 
nal frequency.  This  is  fed  to  a D/A-converter 
(2),  supplying  a frequency  proportional  DC- 
voltage,  which  controls  a voltage  controlled 
oscillator  (VCO) . This  oscillator  generates  a 
rectangular  signal  (4)  and  by  integration  of 
this  signal  a triangular  signal (3a)  is  ob- 
tained, which  is  inverted  in  (3b)  with  equal 
amplitude.  The  comparators  (6a),  (6b)  compare 

the  two  triangular  signals  with  a DC-voltage 
(5),  the  level  of  which  is  variab'e  within 
the  amplitude  range  of  the  triangular  func- 
tions. The  comparators  supply  pulses  the 
width  of  which  is  dependent  upon  the  adjusted 
DC-level  and  get  to  the  inputs  of  a flip-flop 
(7).  The  rectangular  signal  at  its  output  is 
phaseshifted  by  the  frequency-independent  an- 
gle \p  against  the  signal  of  the  output  (4)  . 

The  angle  is  adjustable  from  nearly  0 to  180 
degrees. 


The  exact  adjustment  of  the  phase  angles /’iz 
and^j4  generates  two  closed  single  rings,  the 
distance  of  which  is  controlled  by  adjusting 
the  phase  angle . The  twin  color  marking 
with  equidistant  rings  of  two  alternating 
colors  is  therefore  only  a special  case  of 
the  general  double  ring  marking  using  a phase 
angle  of  90  degrees. 


marking  marking 

unit  unit 


Fig.  5 Phase  shifting  for  double  ring 

and  twin  color  marking 


Fig.  4 Time  chart  of  digital  phase 
shifting  pulses 


Figure  4 shows  the  sequence  of  the  processes 
in  form  of  a pulse  diagram.  Both  rectangular 
signals  with  equal  pulse  width  are  converted 
by  low  pass  filters  into  sine-wave  voltages, 
which  control  a B-amplifier.  The  amplifier 
outputs  are  connected  to  high  tension  trans- 
formers, which  supply  the  voltage  for  the 
deflection  of  the  ink  jet. 

The  method  for  the  generation  of  phase  locked 
rectangular  signals  is  not  only  used  for  the 
synchronisation  of  the  ring  halves,  but  also 
applied  for  the  distance  control  for  double 
ring  or  twin  color  marking.  In  this  case  two 
complete  marking  units  are  needed,  each  one 
consisting  of  two  deflecting  units  (fig.  5). 


PERFORMANCE  OF  THE  EQUIPMENT 

The  new  method  for  ring  marking  of  plastic 
insulated  wires  as  described  above  is  realised 
by  the  equipment  shown  in  fig.  6. 

It  consists  of  a frame  with  the  central  plug- 
in unit  for  power  supplies,  pressure  controls , 
amplifiers  for  high  voltage  generation,  and 
printed  circuits  for  the  entire  electronic 
control  system.  The  instrument  panel  with 
separate  control  elements  for  the  two  marking 
units  is  also  furnished  with  a test  arrange- 
ment for  the  deflecting  procedure  of  the  ink. 

Two  separate  marking  units  with  the  ink  cir- 
cuits are  mounted  on  the  frame  and  can  be 
levered  or  lowered  independently.  This  allows 
cleansing  the  unused  system  while  it  is  down 
and  marking  in  the  meantime  with  the  lifted 
system  in  order  to  minimise  idle  times  and 
scrap  on  wire  production.  Each  marking  system 
is  provided  with  a three  way  valve  allowing 
an  undisturbed  switch  over  from  operating  to 
cleansing  and  vice  versa. 
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Fig.  6 Total  view  of  the  novel 

ring  marking  equipment 


The  two-fold  arrangement  of  the  marking  units 
not  only  allows  double  ring  and  twin  color 
marking  technique,  but  also  a very  fast 
change  of  the  ring  color  of  single  rings  in  a 
few  seconds.  The  range  of  application  for 
this  equipment  is  primarily  the  marking  of 
PVC  insulated  wires  with  diameters  from  0.5 
to  1.5  mm  with  single  rings  at  a distance  of 
4 to  40  mm.  Presently  10  different  colors  are 
available.  Using  a ring  distance  of  2 15  mm 
allows  wire  speeds  of  up  to  2000  m/min. 
Secondly  the  equipment  is  able  to  mark  PE- 
msulated  wires  of  0.8  to  1.6  mm  diameter 
with  colored  single  or  double  ring  marking. 
Additionally  it  is  possible  to  use  further 
markings  with  single  or  multiple  ring  pro- 
grams. 

The  universal  application  in  a wide  range  of 
wire  velocities,  the  low  volume  of  scrap  wire 
during  the  exchange  of  colors  or  ring  codes, 
the  outstanding  ring  quality,  as  well  as  the 
low  maintenance  costs  designate  this  equip- 
ment a most  economic  means  for  the  production 
of  ring  marked  plastic  insulated  wires  on 
high  speed  extrusion  lines. 
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A NEW  TECHNIQUE  FOR  PERMANENT  AND  NON-ABRASIVE  MARKING  OF  PLASTIC  CABLE  SHEATHS 
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Summary 


A new  technique  has  been  developed  for  he  appli- 
cation of  combined  symbols  and  footage  markings  on  poly- 
ethylene cable  sheaths.  The  marking  medium  is  a plastic 
powder,  which  sinter-fuses  into  the  surface  of  the  jacke- 
ting material  and  results  in  a rcised, permanent, and  non- 
abrasive mark. 


The  process  is  performed  on  the  hot  cable  sheath 
immediately  after  the  extrusion  head  by  the  use  of  a new 
type  of  machine  consisting  essentially  of  two  marking 
wheels  of  exact  circumference  and  driven  by  stepper  mo- 
tors. The  marks  are  engraved  into  the  contact  surface  of 
the  wheels,  and  one  of  the  wheels  is,  additionally, 
equipped  with  a footage  counter.  Plastic  powder  is  loa- 
ded into  the  engravings  by  a special  filling  device  and  is 
then  transferred  upon  the  hot  cable  jacket  tc  achieve  a 
permanent  bond  with  the  jacket  material. 

In  contrast  to  conventional  marking  methods  using 
raised  symbols  on  the  cable,  the  machine  precludes  any 
risk  of  reducing  the  wall  thickness,  thus  permitting  the 
economical  production  of  cable  sheaths. 

The  use  of  plastic  powder  is  a simple  solution  under 
the  aspect  of  today's  manufacturing  practices  and  offers 
substantial  advantages  asl  compared  with  the  application 
of  colored  inks. 


Operating  Principle 

The  marking  medium  is  a plastic  powder  that  is 
applied  to  the  hot  cable  sheath  immediately  adjacent  to 
the  sheath  extruder.  The  powder  is  transferred  to  a rota- 
ting marking  wheel  by  the  use  of  a turbulence  chamber. 
Figure  1 is  a schematic  view  of  the  turbulence  chamber 
(Figure  1,  a)  with  the  associated  supply  system. 


Introduction  and  Task 

Outdoor  communication  cables  with  polyethylene 
sheath  for  the  German  PTT  must  be  provided  with  em- 
bossed marking  in  the  form  of  symbols  (telephone  recei- 
vers, danger  arrows).  Additional  interest  was  expressed  in 
the  exterior  footage  maiking  of  the  cable  sheath.  For  this, 
the  cable  industry  uses  separate  equipment  for  embossing 
the  symbols  and  for  marking  the  length  with  ink. 

The  present  arrangement,  whereby  two  machines  are 
required  at  differen*  locations  along  the  jacketing  line, 
is  difficult  to  supervise  by  one  operator  alone.  Moreover, 
the  use  of  inks  was  a time-consuming  process  and  did  not 
result  in  the  desired  durability  of  the  markings.  Therefore, 
it  was  necessary  to  look  for  an  improved  production 
method  eliminating  these  substantial  disadvantages. 

The  following  is  a description  of  the  marking  equip- 
ment designed  for  marking  in  one  or  two  lines  and  the 
practical  use  of  which  has  been  approved  by  the  German 

PTT. 


Figure  1 

Plastic  powder  transfer  to 
marking  wheel  (schematic) 

The  plastic  powder  is  stored  in  a reservoir  (Figure 
1,  b)  from  where  it  is  conveyed  into  the  turbulence  cham- 
ber. Inside  the  chamber  the  powder  is  continuously  kept  in 
motion  by  a large  volume  of  turbulent  air.  One  side  of  the 
stationary  turbulence  chamber  is  terminated  by  the  marking 
wheel  (Figure  ),  c) , which  has  the  shape  of  a cylindrical 
drum.  The  surface  of  the  wheel  is  provided  with  engravings 
(figures,  contours  of  symbols,  etc.)  that  are  filled  with 
plastic  powder  while  passing  through  the  turbulence  cham- 
ber to  transfer  that  powder  to  the  surface  of  the  cable 
sheath  when  the  marking  wheel  subsequently  cotacts  the 
cable.  There,  the  powder  fuses  with  the  plastic  cable 
sheath  in  a permanent  and  resistant  bond. 
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Design  of  Marking  Machine 


Figure  2 

Front  view  of  marking  machine 


The  machine  shown  in  Figure  2 is  suitable  for  single- 
line  and  double-line  marking  and  consists  of  a box-shaped 
base  (Figure  2,  a),  accommodating  electronic  and  pneu- 
matic controls,  and  an  upper  part  for  carrying  out  the 
marking  operation  by  means  of  the  marking  wheels 
(Figure  2,  b) . 

Figure  3 is  a backview  of  the  machine  in  direction 
of  movement  of  the  cable. 


Figure  3 

Backview  of  marking  part 
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Figure  4 

Powder  supply  unit 

The  powder  is  kept  in  a large-volume  storage  con- 
tainer (Figure  4,  a)  above  which  the  turbulence  chamber 
(Figure  4,  b)  is  located.  The  chamber  is  made  of  plexi- 
glass to  permit  the  flow  conditions  inside  the  chamber  to 
be  watched.  The  side  of  stationary  turbulence  chamber 
that  is  in  contact  with  the  marking  wheel  (Figure  4,  c)  has 
a steel  facing  which  accurately  conforms  to  the  shape  of 
the  wheel.  A drawspring  assures  sufficient  contact  pressure 
between  the  chamber  and  the  wheel  surface  and  thereby  a 
tight  seal.  The  problem  of  wear  between  the  marking  wheel 
and  the  turbulence  chamber  has  been  solved  by  choice  of 
suitable  materials.  The  inlet  and  outlet  lines  (Figure  4,  d) 
for  the  powder -and -air  mixture  consist  of  flexible  hoses.  A 
stripper  plate  (Figure  4,  e)  operating  in  opposite  direction 
to  the  rotating  wheel,  returns  any  surplus  powder  directly 
to  the  storage  container,  whereas  the  powder  required  for 
marking  is  contained  in  the  surface  engravings  and  sub- 
sequently transferred  to  the  cable  sheath. 

Plastic  powders  that  are  suitable  for  this  marking 
method  have  poor  flow  characteristics.  By  injecting  com- 
pressed air  pulses  into  the  powder  storage  container  this 
drawback  is  overcome. 


The  printer  is  mechanically  operated;  for  the  numbering 
operation  the  printer  is  moved  out  of  the  numeral  openings 
and  retiaced  again  after  the  numbering  operation. 


For  marking  cables  with  consecutive  precise  length  in- 
dications, one  of  the  marking  wheels,  the  circumference  of 
which  must  coincide  with  the  desired  length  marking,  is 
provided  with  a numeral  printer  with  engraved  numerals 
(Figure  5) . 


Figure  5 

Marking  wheel  with  footage  counter 
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Each  marking  wheel  of  the  machine  model  shown  is 
driven  by  a stepper  motor  that  is  controlled  by  a rotary 
encoder  in  synchronism  with  the  production  speed  of  the 
cable.  Two  encoders  are  used,  one  being  coupled  with  an 
accurately  operating  footage  counter  and  the  other  with 
the  capstan  of  the  extrusion  line.  The  location  of  the  en- 
coders within  the  line  is  shown  in  Figure  6. 


Figure  6 

Schematic  representation  of  a jacketing 
line  with  marking  machine 


The  principle  of  control  of  a stepper  motor  is  shown 
in  Figure  7.  The  encoders  are  connected  to  the  electronic 
stepper  motor  control  unit  through  a switch-over  device. 


Figure  7 

Block  diagramm  of  electronic  control  unit 


The  switch-over  device  includes  an  electronic  circuit 
which  automatically  applies  one  of  the  signals  arriving  from 
the  encoders  to  the  stepper  motor  control  unit  as  preset. 
This  is  done  at  a time  when  both  signals  are  in  phase  so 
that  smooth  operation  of  the  stepper  motor  without  jerks  is 
assured . 

Cooling  air  is  directed  past  the  surface  of  the  mar- 
king wheels,  which  are  constantly  in  contact  with  the  hot 
extruded  material,  and  also  serves  to  carry  away  any  ex- 
cess powder.  The  covering  of  the  marking  wheels,  which 
assures  uniform  cooling  of  the  wheels  around  their  entire 
circumference,  as  well  as  the  respective  air  connections 
are  shown  in  Figure  2. 

Pneumaf ically , the  two  marking  wheels  may  be 
operated  together.  The  wheels  are  easily  exchanged,  and 
the  necessary  marking  pressure  may  be  set  as  required. 

In  case  of  unilateral  marking  with  combined  length 
indications  (in  case  of  small  diameters,  for  instance),  a 
counter-wheel  with  guide  groove  and  without  engraved 
surface  will  be  used. 


Test  Results 

During  the  practical  use  of  the  machine  described  in 
the  production  of  polyethylene-insulated  communication 
cables  it  was  found  that  a comparatively  low  pressing  force 
of  the  marking  wheels  upon  the  cable  jacket  is  needed  be- 
cause elevated  characters  are  being  applied. 


p 

. 

necessary  pressing 
force  of  marking  wheel 

N 

new  marking  method 
with  plastic  powder 

5 to  20 

conventional  method 
(elevated  stamping) 

30  to  45 

Table  1 

Comparison  with  conventional 
marking  method 


In  Table  1 the  figures  obtained  for  the  new  system, 
which  are  dependent  on  the  wheel  diameter  and  the  pro- 
duction conditions,  ore  compared  with  those  of  the  con- 
ventional stamping  method  (raised  stamping  of  telephone 
receiver  symbols). 

The  cable  maker  is  thus  enabled  to  save  jacket  ma- 
terial because,  unlike  in  the  past,  it  is  no  longer 
necessary  to  overdimension  the  jacket  in  order  to  obtain 
the  wall  thickness  required  on  the  marking  line. 


The  effectiveness  of  the  air  cooling  system  used  for 
the  marking  wheels  is  shown  in  Figure  8. 


Figure  8 

Surface  temperature  of  marking  wheel 
as  a function  of  running  time 


Figure  9 

Test  equipment  for  abrasive  resistance 
of  marking  on  cable  sheaths  (schematic) 


Depending  on  the  manufacturing  conditions,  a ther- 
mal equilibrium  is  achieved  with  a constant  supply  of 
cooling  air  after  10  - 20  minutes  running  time.  Starting 
from  the  ambient  temperature,  the  wheels  are  heated  by 
their  contact  with  the  hot  extruded  material.  The  wheel 
temperature  is  essentially  determined  by  the  temperature 
of  the  extruded  material,  the  contact  area  between  the 
wheel  and  the  cable  sheath,  and  the  speed  of  production. 
To  achieve  perfect  marking  results  it  has  be  in  found  ad- 
visable to  operate  at  a surface  temperature  of  below  50 
Centigrade . 

The  plastic  powder  used  must  be  of  a type  that  will 
sinter-fuse  with  the  cable  jacket  before  entering  the 
cooling  trough  to  assure  a permanent  and  abrasive-resistant 
b~.J.  For  testing  the  abrasive-resistance  on  polyethylene 
the  test  equipment  shown  in  Figure  9 is  being  used. 


A ground  steel  pin  of  1 mm  (.o4")  diameter 
(Figure  9,  a)  is  moved  along  the  cable  (Figure  9,  b)  at  a 
load  of  4 N by  a crank  drive  operating  at  60  rpm.  The 
number  of  double  strokes  causing  complete  abrasion  of  the 
marking  along  the  line  of  contact  of  the  steel  pin  is 
measured.  Test  with  various  types  of  powder  at  differing 
manufacturing  conditions  have  resulted  in  500  to  6000 
double  strokes. 

The  marking  speed  is  limited  by  the  fact  that  centri- 
fugal forces  tend  to  fling  the  powder  out  of  the  wheel  en- 
gravings or  even  prevent  it  from  entering  the  engravings 
out  of  the  turbulence  chamber.  However,  this  may  be  in- 
fluenced by  adapting  the  width  and  depth  of  the  engra- 
vings to  the  grain  size  distribution  and  the  type  of  the 
powder.  The  machine  is  now  used  at  speeds  up  to  131  feet 
per  minute  (40  m/min). 

The  marking  medium  has  not  been  found  to  affect  the 
cable  sheath  characteristics.  Further  marking  has  no  in- 
fluence on  the  production  and  the  quality  of  coble  splices. 
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Apart  from  its  use  for  marking  communication  cables 
with  polyethylene  jackets  (Figure  10)# 
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Figure  10 

Marking  of  a telephone  cable 

the  machine  may  be  used  for  marking  similar  extruded 
plastics  with  numerals,  letters,  and  symbols,  singly  or 
in  any  combination,  with  more  than  two  lines  of  marks 
also  being  conceivable. 

The  plastic  powder  may  have  different  colors  to 
permit  marking  in  a color  contrasting  with  the  color 
of  the  jackets. 
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Summary 

In  most  case  of  fires,  the  spread  of 
fire  through  cables  leads  to  great  damages 
to  buildings,  telephone  exchages,  etc. 

There  is  a technical  limit  in  developing 
fire-proof  wires  and  cables.  It  is  essen- 
tial therefore  to  stop  the  fire  at  openings 
and  holes  of  floor,  wall  and  ceiling  through 
which  telephone  and  electric  power  cables 
pass. 

We  have  successfully  developed  fire- 
stopping materials  to  be  used  at  these 
penetration  points,  and  have  carried  out 
fire  tests  using  the  materials.  Two  hundred 
PVC  insulated  and  PVC  sheathed  cables  in 
bundle  were  suspended  vertically,  and  a 
newly  developed  fire-stopping  putty  was 
applied  to  the  opening  between  cables  and 
hole.  A flame  of  temperature  exceeding 
1000“C  was  applied  for  two  hours  duration. 

The  results  show  that  the  putty  has  an 
excellent  fire  resistance. 

This  paper  describes  the  characteristics 
of  the  newly  developed  fire-stopping  putty 
and  paint  and  the  results  of  fire  tests. 

1,  Introduction 

Many  reports  have  been  published  about 
f ires , 1 < ^f ire  test  methods , 3 ' * ' improved 
fire-proof  wires  and  cables 6and  fire  protec- 
tive procedures.  There  are  fire  protective 
procedures  as  follows: 

(1)  One  of  fire  protective  procedures 
is  a well  planned  detection  and 
alarm  system.  •" 

(2)  The  other  procedure  is  constructive 

fire  protection  using  fire-stopping 
materials.  » * • 

In  a building,  bundled  cables  pass  from 
floor  to  floor  through  openings  and  holes 
of  floor,  wall  and  ceiling.  So,  when  a fire 
occurs,  there  is  nothing  to  stop  the  fire 
from  spreading  at  these  penetration  points. 
Fire  resistant  mineral  fibers  or  cure-type 
[Utty  are  commonly  used  to  seal  the  openings 
and  holes.  But  it  is  a problem  that  the  seal 
of  mineral  fibers  can  not  be  adequately 
smoke-  and  water-tight  due  to  gaps  caused  by 
uneven  packing  density.11  Also  it  is  slight- 
ly difficult  to  remove  the  cured  seal. 

The  newly  developed  fire-proof  putty  is 
smoke-  and  water-tight  and  can  be  removed 
easily  as  required.  When  the  putty  and 
paint  are  used  together,  they  show  an  excel- 
lent fire  resistance. 

2.  Character ist ics  of  fire-proof  putty 

Characteristics  of  two  kinds  of  putty 
are  described  in  this  paper.  One  puttylType 
A)  is  water-base  and  becomes  thoroughly 
cured  in  2-3  days  at  room  temperature  and 
has  41  Shore  " D " hardness. 

The  other  putty  (Type  B)  keeps  its 
original  softness  after  application  and 
never  drops  down  by  the  fire.  The  putty 
(Type  B)  is  properly  pressure-fitted  into 
openings  and  gaps,  and  can  be  removed  easily 


whenever  necessary.  The  typical  characteris- 
tics of  two  kinds  of  putty  are  given  in 
Table  1 . 


Table  1 Characteristics  of  Putty 


Properties 

Type  A 

Type  B 

Test 

method 

Type 

Cure-type 

Non  cure- 
type 

Specific 

gravity 

1.4 

2.0 

Shrinkage  of 
volume  [%) 

25 

0 

80  °C-4 
days 

Penetration 
(1/10  mm] 
original 
after  2 
months  expo- 
sure 

81 

76 

76 

i 

J is  k ; 
2530  1 

j 

Need le  i 
type 

Flame 

resistance 

No  propa- 
gation 

(Fig.  2) 

No  propa- 
gation 

(Fig.  2) 

j 

Hor  izon-j 
tal 
flame 
test 
(Mote  1) 

Effect  on 
plastics 

No  deterio- 
ration 

No  deterio- 
ration 

60°C-6 
months 
(Note  2) 

Effect  on 
metals 

No  discolo- 
ration 

No  discolo- 
ration 

60°C-6 
months 
(Note  2) 

Main 

content 

Mineral 
f iber 
Inorganic 
filler 
Water  emul- 
sion of 
polymer 
Flame 
retardant 
materials 

Mineral 
f iber 
Inorganic 
filler 
Plasti- 
cizer 
Flame 
retardant 
materials 
Synthetic 
rubber 

Note  1:  Horizontal  flame  test 

A 30  cm  length  of  0.5  mm  x 100  pairs 
PVC  insulated  and  PVC  sheathed  cable 
was  used  for  the  test.  Two  thermo- 
couples were  placed  as  shown  in  Fig.l. 

Note  2 : 

PVC  and  polyethylene  sheets  of  100  mm 
x 200  mm  with  1 mm  thick  were  used 
for  samples.  Plates  of  plain  copper, 
tin  plated  copper  and  iron  with  size 
of  50  mm  sq.  and  0.2  mm  thick  were 
used  for  samples.  The  test  samples, 
shown  in  Fiq.3,  were  heated  in  a 
forced  circulating-air  oven  at  60°C 
for  1,2,3  and  6 months  Tensile 
properties  of  the  plastic  sheets  and 
discoloration  of  the  metal  plates 
were  measured  and  observed  respec- 
tively. 
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300 


[ mr,  ] 


Table  2 Characteristics  of  Paint 


|4-  200  -f{  Putty(A  or  B) 
Cable  » 5 


-tf*3 


c 


Thermocouple 

II 


/ 

Thermocouple 

#2 

Gas  burner 


Fig.l  Horizontal  flame  test 


time  (min . ) 


Fig.  3 


3.  Characteristics  of  fire-proof  paint 

There  are  two  types  in  the  newly  deve- 
loped fire-proof  paints;  blowing-type  and 
non-blowing  type.  The  former (Type  A),  when 
heated,  expands  more  than  ten  times  and 
forms  rigid  carbonized  layer.  A minimum 
coating  thickness  of  0.5  mm  is  necessary  for 
fire  protection.  The  latter (Type  B)  is 
water-base  and  a minimum  coating  thickness 
of  3 mm  is  necessary  for  fire  protection. 
Both  paints  can  be  applied  on  cables  by 
brush  and  spray.  Table  2 shows  the  typical 
characteristics  of  the  paints. 


Properties 

Type  A 

Type  B 

Test 

method 

Type 

Blowing 

type 

Non-blowing 

type 

Specific 

gravity 

1.11 

1.35 

Flexibility 

No  crack 

No  crack 

Bending 
test 
(Note  1) 

Accelerated 

weathering 

test 

No  crack 

No  crack 

Weather 
0 Meter 
2500 
hours 

Water  immer- 
sion test 

No  leaching 

No  leaching 

20°C-6 

months 

Flame 

resistance 

No  propa- 
gation 
(Fig.  4) 

No  propa- 
gation 
(Fig.  4) 

Hori- 
zonta 1 
flame 
test 
(Note  2) 

Effect  on 
plastics 

No  deterio- 
ration 

No  deterio- 
ration 

60°C-6 
months 
(Note  3) 

Effect  on 
metals 

No  discolo- 
ration 

No  discolo- 
ration 

60°C-6 
months 
(Note  3) 

Main 

content 

Acrylic 

resin 

Blowing 

agent 

Flame 

retardant 

materials 

Acrylic 

resin 

Mineral 

fiber 

Flame 

retardant 

materials 

1 

Note  1:  Bending  test 

PVC  sheathed  cables  having  diameter 
of  15  mm  with  paint  coating  were 
tested . 

Sample  1 0.5  mm  coating  thickness 

of  Type  A 

Sample  2 3 mm  coating  thickness  of 

Type  B 

The  cables  were  bent  one  time  around 
150  mm  mandrel  at  room  temperature 
and  the  coating  was  examined  to  see 
if  cracks  had  occurred. 

Note  2:  Horizontal  flame  test 

Same  as  Note  1 in  Table  1 except  for 
coating  thickness.  Coating  thickness 
of  Type  A and  B were  0.5  mm  and  3 mm 
respectively. 

Note  3: 

See  Note  2 in  Table  1 . 
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Fig . 4 


4.  Fire  tests 

Vertical  and  horizontal  fire  tests 
were  carried  out  taking  into  consideration 
the  bundled  cables  installed  in  telephone 
exchages . 

Fire  test  facility 

(1)  Furnace 

The  furnace  used  for  fire  tests 
has  dimensions  2 meter  wide  x 1 
meter  long  and  1.2  meter  high  with 
250  mm  x 1050  mm  x 150  mm  thick 
ceiling  hole  as  shown  in  Fig.  5. 

(2)  Flame  source 

Four  propane  gas  burners  with  40  mm 
diameter  were  used  as  the  flame 
source  because  of  their  high  output. 


( outside  ) 


Fire  test  samples 

Two  hundred  numbers  of  0.5  mm  x 100 
pairs  PVC  insulated  and  PVC  sheathed  cables 
were  tested.  Putty  of  Type  A or  B were 
sealed  or  not  sealed  into  gaps  among  the 
cables.  The  test  samples  with  175  cm 
length  were  intimately  bundled  by  waxed  hemp 
threads  and  two  thermocouples  were  inserted 
in  the  gaps  before  sealing  the  putty,  and 
test  samples  were  suspended  or  positioned 
vertically  or  horizontally  in  the  center  of 
the  hole  and  a horizontal  hole  of  firebrick 
respectively.  Figs.  6, 7, 8, 9 and  10  show 
construction  of  the  samples.  Fig.  ll"  is  a 
photograph  of  sample  No.  2.  The  location 
of  thermocouples  are  shown  in  Figs.  12  and 
13.  Calcium  silicate  boards  were  stuffed 
in  the  hole,  and  finally  the  putty  was 
sealed  into  gaps  between  boards  and  outer 
surface  of  test  samples (Figs . 6, 7, 8, 9 and 
10).  Details  of  the  samples  are  given  in 
Table  3. 

Procedure 

Air/gas  combination  was  adjusted  and 
the  temperature  (thermocouples  #3  and  #4  in 
Figs.  12  and  13)  was  controlled  according 
to  the  curve  of  Fig.  14  and  the  flame  was 
applied  for  two  hours  duration.  After  the 
flame  was  extinguished,  a fresh  area  of 
bundled  cables  was  observed  and  measured 
to  investigate  the  decree  of  flame  propaga- 
tion . 

The  following  were  also  observed  and 
measured . 

(1)  Dropping  down  of  the  putty  by  the 
fire 

(2)  Leakage  of  smoke  from  opposite 
sides 

(3)  Temperature 


Fig.  5 Furnace 
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Fig. 13  Location  of  thermocouples 
(Horizontal  fire  test) 


Fiq.ll  A photograph  of  Sample  No. 2 


1010°C 


Fig.  14  Target  Curve 


The  following  test  results  were  ob- 
tained concerning  propagation  of  the  fire 
and  leakage  of  smoke. 

(1)  Temperature  is  shown  in  Figs.  15, 
16,  17  and  18.  Difference  of 
temperature  is  big  between  thermo- 
couples #3,  4 and  thermocouples 
#1,  2 in  all  test  samples.  Excel- 
lent fire  protection  was  observed 
by  fire-proof  putty  and  paint. 

(2)  Equivalent  results  were  observed 
between  putty  A and  B (Fig.  15) 
concerning  the  propagation  and  the 
leakage  of  smoke.  Therefore,  only 
results  obtained  by  Type  B are 
mainly  described  in  this  paper. 


Fig. 12  Location  of  thermocouples 
(Vertical  fire  test) 


temperature  (“C) 


(3)  Spread  of  fire  was  nearly  reached 
to  boundary  of  sealed  and  -on- 
sealed  cables  in  case  of  samples 
No. 1,2, 4 and  5 

In  case  of  sample  No.  3 with  paint 
coating,  the  spread  of  fire  was 
minimized  and  a fresh  area  remained 
at  the  upper  half  of  sealed  part 
and  the  smoke  of  the  burning  cables 
was  decreased  considerably  by  using 
additional  effective  fire-proof 
paint . 

(4)  A slight  leakage  of  smoke  was  ob- 
served at  the  start  of  the  test  but 
it  stopped  after  about  20  minutes 
ignition  in  sample  No.  5.  No  lea- 
kage of  smoke  was  observed  in  other 
four  samples. 

(5)  Fig.  18  shows  the  temperature  of 
various  points  of  sample  No.  5.  The 
result  as  to  propagation  was,  un- 
expectedly, nearly  the  same  regard- 
less of  whether  the  putty  was  sealed 
or  not  sealed  into  gaps  among  the 
cables.  It  is  considered  that  high 
heat  conductivity  of  copper  conduc- 
tors caused  decomposition  of  PVC 
whether  the  gaps  were  sealed  or  not. 
Concerning  the  stopping  of  leakage 
of  smoke,  it  is  considered  that 

PVC  insulations  and  sheaths  were 
melted  or  decomposed  by  flame  and 
by  heat  conduction  through  copper 
conductors,  resulting  in  the  seal- 
ing of  the  gaps. 


#3  of  No. 2 


#3  of  No.l 


Fig. 15  Temperature  vs.  Time 

(Sample  No. 1,2) 


(Sample  No. 3) 


(Sample  No. 4) 
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Fig. 18  Temperature  vs.  Time 

(Sample  No. 5) 


6.  Conclusion 


Authors 


The  putty,  which  keeps  its  original 
softness  after  sealing,  has  been  success- 
fully developed.  It  shows  excellent  fire- 
proof characterisitcs  under  vertical  and 
horizontal  fire  tests  at  temperature  exceed- 
ing 1000°C  for  two  hours  duration  and  it 
does  not  influence  the  cable  composition 
and  frames,  for  example,  PVC,  polyethylene 
and  metals.  The  putty  can  be  removed  when 
required.  Better  fire  resistance  is  con- 
firmed when  a fire-proof  paint  is  used 
together  with  the  putty. 
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Abstruct 


Ihe  new  intumescent  flame  retardant  materials 

developed . hey  ari  livldi  1 int  - threi  • yj  ; 
'ampour.d  ■ i.ernoplastic ),  Jonpound  1 ( rubber-like  ) , 

Bid  putty- like  . hey  ( : 

material  which  differ  from  intumescent  coating  and  a 
component  which  form  a carbonacious  layer  like  in  the 
■ ratings  such  as  ammonium  polyphosphate , polyhydric 
hoi  - iln  a-.;  ound.  m a - ntain 

chlorinated  polymer  and  Compound  C contains  oil, 
oly comer  and  inorganic  filler  as  base-  material.  Flame 
tests  according  to  IEEE  Std-383  revealed  that  cables 
covered  with  Compound  A • xtrudate  and  Compound  B-tape 
show  satisfactory  flame  retardancy,  while  cable -through 
-hole  models  sealed  with  Compound  C exhibit  high  fire 
resistance  when  subjected  to  a two-hours  fire  resistance 
test  as  directed  in  JIS  A 1304. 

1.  Introduction 

Ihe  increasing  need  for  preventing  fire  spreading 
through  electric  wire  and  cable  lines  has  focused 
great  attention  on  fire-retardant  materials.  As  one 
aspect  of  fire  prevention,  intumescent  flame  reterdar.t 
coatings  are  applied  because  they  reduce  very  effecti- 
vely the  flame  spread,  and  smoke  generation  of  plastic 
1--2 

cables.  However,  intumescent  coatings  are  usually 
not  sufficiently  flexible  and  have  poor  impact  streng- 

3 

th  and  low  water  resistance".  Fire  proof  walls  are 

also  provided  where  cables  extend  from  one  area  to 

another.  In  those  areas  all  cable  ducts  or  cable 

through-holes  should  be  sealed  to  prevent  the  spread 

of  fire  and  the  ingress  of  smoke  from  fire  areas  into 
4 

unaffected  areas.  Those  suggest  that  more  effective 
fire  prevention  for  electric  cable  lines  in  not  attai- 
nable with  such,  coating  materials  alone.  An  improved 
material  is  strongly  required  for  this  purpous. 

New  type  of  intumescent  materials  have  been 
developed  which  arc  applicable  to  alternative  method 
of  fire  protection. 


Ihe  materials  are  combination  of  three  kinds  of  c or. - 
ounds,  i.e.,  Compound  A (thermoplastic  , Compound  _ 
(rubber-like)  and  Jompoun  C (putty-like ). 

This  paper  describes  the-  development  ...  ; rsj.-.r- 
tles  of  these  co: -pounds,  flame  testing  of  the  alias 
covered  with  . ...pound  A (intumescent  extruded  l-.Y-.-r 
and  Compound  i (wrapping  layer  :f  intumescent  self- 
bonding  tape),  and  flame  testing  of  t:.-.  cables  Instal- 
led in  a model  cable -thro ugh-h  . wh<  Inlet  and 
are  sealed  with  Compour.a  C (intumescent  putty  a:  Ii 

as  some  applications  of  the  compounds. 

2.  Materials  Development 

The  first  objective  of  the  materials  develop-.-.:  t 
was  to  design  a thermoplastic  (or  extrudable  cc...  ..  : 
which  had  the  sane  intumescent  flame  retardancy  as 
intumescent  coating  and  favorable  flexibility,  in: act 
strength,  and  water  resistance  superior  to  those 
intumescent  coatings. 

Ihe  second  objective  was  to  design  a putty-like 
sealing  compound  which  could  be  packed  into  caelt 
-through-hole,  and  which  would  bubble  up  when  heated 
to  form  a porous  carbonacious  layer  having  outstay.: 
fire  retardancy. 

2.1  Development  of  the  ihernoplastic  mtumc  j.  -.  .1 

Compound 

Typical  intumescent  coating  containes  five  ... 
components  as  follows5: 

1.  Carbonacious  residue  source  ; polyhydric 
alcohols  such  as  pentaerythritol  and  starch. 

2.  Blowing  agent  ; such  as  dicyandlamine , melamine 

and  chlorinated  paraffin. 

3.  Dehydrating  agent  ; ammonium  polyphosphate  ar.d 
melamine  phosphate. 

4.  Resinous  binder (or  Base  Material)  ; polyvinyl 
acetate  and  cellulose  derivatives. 

5.  Solvent  ; water  or  mineral  sprit. 
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L'.  vclopnent  A'  the  ; :t uncscent  Putty-Like  Compound 


In  rder  to  obtain  an  extrudable  compound,  many 
: . • . ....  material 

in  view  of  compatibility  of  the  polymer  with  the 
ingredients  for  forming  the  foamed  car  tenacious  layer 

■ 

Selected  fomul  at  ions  which  showed  excellent  eompati- 

■ . 

Each  of  the  test  compounds  was  subjected  to 
or: sen  burner  test  to  assess  the  intumescent  flame 

; 1 1 r la  . ■ t . Ehe  test  a eg  01 w i /alual 

estimate  tensile  strength,  elongation  -•  break, 
thermal  aging  resistance,  water  resistance  and  oil 
: tanc  . lancing  between  the  flame  retardancy 

nd  other  properties  determines  acceptable  compounds 
which  could  be  devided  into  two  types  : Compound  A 
• nd  Compound  B. 

Mc.-en  /urner  Xzz 

. 

eter  which  was  insulated  with  cross -linked  HI  and 

d PVC  was  employed  as  a sample  cable  in 

250mm  length.  Each  compound  was  shaped  into  a tape 
and  was  wrapped  arround  the  sample  cable  to  form  a 

. 

heated  by  two  Bunsen  burners  at  about  1,020° C for  30 
minutes  as  illustrated  in  Figure  i. 


Bunzen  Burner  Test 

At  the  same  time  the  sample  cable  was  stressed 
at  / .'alts  >f  60  V.  for  30  minutes,  and  insu- 

lation resistance  of  the  sample  cable  was  measured  at 
intervals  of  1 to  5 minutes  by  means  of  a DC  500  Volts 
*,*cr.  In  the  case  of  the  resulting  cable  sample 
d.d  not  break  down  under  the  test  condition,  the 
.r:  eapono ing  compound  could  be  acceptable  in  flame 
retardancy. 

/ sample  •able  with  a 1 mm  thick  intumescent 
coating  showed  good  insulation  resistance  when  evalu- 
ated by  the  flame  test.  .Ouch  intumescent  coating  was 
found  to  be  correspond  to  a 2mm  thick  the  tape  wrapp- 
ing. 


- 

in  the  aso  u the  second  objective,  various 
: II  .-joiners,  oils  and  inorganic  filler  ..ere  investigat- 
- ‘ . • 
eondi  dative  formulations  which  showe  . advantageous 
compatibility  of  base  materials  wit;  ingredients  were 
mixed  to  obtain  a test  compound  with  a 1 liter  mixer 
which  has  two  agitator  blades  at  room  temperature. 

Lcch  putty-like  compound  was  also  subjected  to 
bun. on  burner  flame  test.  Ihe  fore.oing  test  was 
carried  out  on  a 250mm  long  sample  cable  whose  sheath 
•as  coated  wit}:  the  putty  compound  to  a thickness  3mm. 

Other  properties  jf  the  sealing  compound  were 
procedi;:  ;iy  tested  for  mixing  compatibility,  cone- 
penetration,  moisture  resistance , thermal  aging  resist- 
• An  a • . 

nam- • Compound  , was  determine ; in  balancing  between 
the  f a . . 

-.4  • erties  of  -ach  Intumescent  'orgeund 

2.  all  acceptable  compounds  selected  from  the' 
results  on  foregoing  tests  can  be  classified  into 
thi  types  : . and  B,  Z. 

Each  compound  contains  ammonium  polyphosphate,  poly- 
:.y\n*ic  alcohol  and  amino  compounds  as  components  for 
forming  the  foamed  carbonacious  layer  like  intumescent 
coatings.  Characteristic  of  the  base  materials  are 
responsible  to  that  of  the  compounds.  Compound  A 
contains  PVC  and  another  chlorinated  polymer  as  base 
materials  and  can  be  extruded  with  usual  extruder. 

Hie  properties  of  Compound  A are  shown  in  Table  1 and 

2. 

Compound  B containing  chlorinated  elastomeric 
polymers  as  base  materials  shows  poor  thermoplasticity, 
but  it  lias  excellent  flame  retardancy  due  to  the 
foamed  carbonacious  layer.  It  also  exihibit  a excell- 
ent flexibility  and  a self -bonding  property  addition- 
ally. Therefore,  the  Compound  B was  applicable  to 
cable  in  the  form  of  a tape  which  was  made  from  calen- 
dered she at.  The  properties  of  the  Compound  B are 
shown  in  'Table  1 and  2. 

lion  hardening  type,  putty- like  Compound  C contains 
mineral  oils,  synthetic  oils,  and  inorganic  filler  as 
base  materials.  Compound  C is  free  from  any  volatile 
component  such  as  water  or  organic  solvent  unlike  con- 
ventional intumescent  coatings,  consequently  it  shows 
no  shrinkage  and  excellent  air  tightness.  The  proper- 
ties of  Compound  C is  shown  in  Table  3. 
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Nevertheless  appearances,  constitutions  and 
mechanical  properties  of  Compound  A,  B and  C are 
entirely  different  to  those  of  conventional  intumes- 
cer.t  coatings,  these  compounds  easily  bubble  and  foam 
at  about  300°  C to  form  a multiceUular  carbor.acious 
layer.  This  foamed  carbonacious  layer  shows  an  ex- 
cellent heat  insulating  effect  as  show:,  in  the  Bunsen 
burner  test  re  stilts.  Figure  2. 

*8*  — Q 


V. 


• • UNTPLATED 

▲ A COMPOUND  A 

O O COMPOUND B 

■ ■ COMPOUND  C 

□ □ IsrjMESCENT 

COATING 


TIME  (MIN.) 

*:gu*e  ? 

PfSults  of  B'jn/en  p ifner  Test 

— * 

Flame  protecting  ffects  of  Co:  .pound  A,  . and 
in  more  practical  seal,  were  tested  In  follow;:.- 
manner . 

3.1  Vertical  Pray  Last  -585*1374 

5.1.1  Ir-  iaratlc:.  of  gabl,  .-pies 

diameter  with  l.LFL  insulation  and  PVC  sheet: 
(eoovoit.  

3io  flame  rctar  :ar.t  -inter  :1  : : ; ii  : .or  : . 

sheath  ..-as  vui-  Led  as  boiler.'.; , 


Flame  Retardant  Material 

Sample- l Compound  A extruded  over  the  P/C 
sheath  with  asm  thickness, 

Sar.ple-2  Compound  B-tape  0.7m:'.  in  thickness 
and  wrapped  2 times. 

Pie-  fat  asesci  nt  ati  : Ian  thi  kness. 

Sejnple-4  hone. 


K li  L.  Pro]  rties  f Compound  nd 


Items 

Com- 

pound 

A 

Com- 

pound 

Iri  tume- 
scent 
coating 

Specific  ravity,  at  25° 

C 1.4 

1.4 

1.4 

Oxygen  Index* 

50 

50 

70 

Original  properties 

TS  (kg/m2) 

i.6 

.. 

— 

EL  ( % ) 

180 

800 

— 

Thermal  aging (100° C,9Clir 

s.) 

TS(^-  retained) 

100 

100 

— 

EL(%  retained) 

95 

90 

— 

Water  resistance 

K:  te r Imers  ion  ( f.  1 , 60 

days) 

TS($  retained) 

95 

100 

— 

EL (%  retained) 

100 

95 

— 

Chemical  resistance 

-0$  ; :CL , Inner  s ion  (RT, 

14  days ) 

IS ( % retained) 

100 

120 

— 

EL d retained) 

95 

70 

— 

lOg  'iaOH,  Lmr.ersion(RT 

, 14  days ) 

?S(g  retained ) 

100 

120 

— 

EL(g  retained) 

100 

70 

— 

Cable  oil  resistance 

Cable  oil  ImmersLon(  R ' 

1 , 30  days  ) 

.'S(g  retained) 

100 

100 

— 

LL(g  retained) 

90 

85 

— 

Tk-nsile  strength 
Elongation  at  break 
Room  temperature 


Table  2.  Properties  of  Compound  A and  B 
- Environmental  Resistancy  of  Heat  Insulating  Effect  - 


\ Applied  State  ~~ 

to  the  Sample 

Items  Cable 

Bunsen  Burner  Test 
(minimum  insulation  resistance-Mfi ) 

Compound 

A 

Compound  Intume scent 

B coat ing 

2mm  thick, 
extruded 

2mm  thick.  1mm  thick, 

wrapped  coated 

Initial 

5 

5 9 

Thermal  aging**(100° C,  36  hrs.) 

3 

3 3 

Water  resistance 

Water  immersion  (RT,  60  days ) 

4 

4 * 

Chemical  resistance 

10$  HCL,  immersion  (RT,  14  'lays) 

4 

4 * 

10$  .\TaOH,  immersion  (RT,  14  days) 

3 

3 * 

Cable  oil  resistance 

Cable  oil  immersion  (RT,  30  days ) 

3 

2 2 

* Coating  layer  disappeared. 

Each  sample  cable  was  exposed  to  the  environmental 
subjected  to  Bunsen  burner  test. 

test  condition  and 

Table  3. 

Properties  of  Compound  C 

Items 

Value 

Test  Method 

Specific  gravity,  at  25°  C 

1.4 

at  25° C 

Appearance 

Light  yellow  putty 

like 

loss  on  heating  ($} 

0.12 

JI5  A 5752 
(105° C x 3 hrs) 

Cone  penetration  at  -20° C 

21 

JIS  A 5752 

0°C 

53 

20°  C 

74 

40°  C 

83 

60°  C 

90 

90°  C 

102 

Oxygen  index 

70 

JTS  K 7201 

Flame  retardency(minimun  insulation 
resistance-MQ ) 

Bunzen  burner  test 

Initial 

Thermal  aging (100° C , 15  days) 

Moisture  exposure 
(100$  R.H.,  RT,  00  days) 
Radiation  exposure 
( 5 x Io’r  ) 

15 

1 

12 

The  sample  cables 
which  were  coated 
with  Compound  C 
to  3nm  thickness 
were  exposed  to 
the  test  condition 
and  then,  subject- 
ed to  Bunzen  burner 

test. 


3.1.2  l'est  Procedure 


The  flame  test  was  conducted  in  a spontaneous 
ventilated  room  as  shown  in  Figure  3.  A 75mm 
deep,  JOCom  wide,  and  2,4m  long  ladder  type  metalic 
tray  'was  set  vertically.  Ihe  cable  samples,  each 
2.4c  long,  were  arranged  in  a single  layer  apart 
from  each  other  by  approximately  1/2  of  cable 
diameter.  A 25Ctan  wide  ribbon  type  burner  with  a 
venturi  air /gas  mixer  was  a flame  source. 

Ole  flow  rate  of  fuel  gas (propane)  and  come pressed 
air  were  adjusted  to  give  a flame  length  of  45Ctmi 
and  a temperature  of  815° C at  visinity  of  the 
cable  surface. 


FIGURE  2 


TFFF  Std-383  Vertical tray 
Left  : Combustion  Room 

Right  : Verticaltray  and  Burner 

3.2  Flame  Tests  to  Assess  the  Sealing  Materials 

Since  no  standard  test  method  has  been  elucidated 
for  this  purpose , we  developed  the  following  methods . 

3.2.1  Horizontal  Cable-Through-Hole  Test 

Figure  4 shows  the  details  of  the  test  furnace 
and  a model  cable -through -hole.  This  furnace  was 
specified  in  the  Fire-Service  Iaw  of  Japan  for 
testing  of  fire-proof  cables  which  are  used  for 
emergency  power  service  cables. 
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Experiment  - 1 

Model  cable-through-holes  were  sealed  with  the 
intumescent  putty ( Compound  C)  and  rock  wool  as 
shown  in  Figure  5 with  no  cables  installed  in  the 
holes.  The  putty  seals  had  varying  thickness  of 
30mm,  5Qmn  and  70mm,  respectively,  and  the  rock 
wool  thickness  was  fixed.  Then  the  model-hole 
was  placed  into  the  furnace  and  then  heated  for 
2 hours  while  the  temperature  raised  according  to 
the  indoor  fire  heat  curve  specified  in  JIS  A.  1304 
"Method  of  Fire  Resistance  Test  for  Structural 
Parts  of  Buildings"  as  illustrated  in  Figure  9 
(Curve  1).  Die  temperature  at  each  position  shown 
in  the  Figure  5 was  recorded  during  the  heating. 


FIGURE  5 

Experiment-1,  Model  Cable- Hole  and 
Tempererture  Mesuring  Point 


® Furnace  Temperature  Control  Point 
©Compound  C Surface  Temperature  Measuring  Point 
©Rock  VTOol  Back  Surface  Temperature  Measunng 

Point 


Experiment-2 


Smoke 


FIGURE  6 

Vertical  Cable  Hole  Test 


600V  XL- PE  Insulated  and 


(Vertical  cable  Hole  Model  ) 
FIGURE  7 

Vertical  Cable  Hole  Test 


Hie  model  cable  hole  In  which  twenty-one  cable 
samples  of  1,5a  length  were  installed  was  sealed 
with  the  50mm  thickness  of  intumescent  putty  and 
rock  wool  as  shown  in  Figure  4.  Then  the  model 
cable-hole  was  placed  into  the  furnace  and  heated 
for  2 hours  while  raising  of  the  temperature  was 
accorded  to  indoor  fire  test  curve  specified  in 
JTS  A 1304 (maximum  1040°C). 

5,2,2  Vertical  Cable-Hirough-Hole  Test 

In  order  to  test  the  fire  resistance  of  the  ver- 
tical cable -through-hole,  we  designed  a furnace 
as  shown  in  Figure  6. 

Experiment-5 

A concrete  model  cable-hole  in  which  21  cable 
samples  of  1.5m  length  were  installed  was  placed 
in  the  furnace.  The  model  cable-hole  was  sealed 
with  the  50mm  thickness  of  intumescent  putty  and 
rock  wool,  respectively,  as  shown  in  Figure  7. 

Then  heat  was  applied  from  beneath  the  model  hole 
for  2 hours  while  the  temperature  raised  accord- 
ing to  the  indoor  fire  heat  curve  specified  in 
JIS  A 1304. 

4,  Test  Results 

4,1  Vertical  Flame  Test (IEEE  Std-383-1974  ) 

Hie  flaming  characteristics  a ,d  the  FVC  sheath 
char  distances  are  shown  in  the  Figure  6.  Hie  Figure 
8 shows  that,  in  the  case  of  sample -4,  the  flame  have 
speaded  over  the  full  length  of  the  cable  tray  only 
6 minutes  exposure  to  the  burner  flame  and  all  the 
FVC  sheath  have  also  been  charred.  In  contrast, 
Sample-1  shows  a suppressed  flame  height  of  lm  at  the 
maximum  spread  after  8 minutes  after  the  exposure  to 
flame  and  then  receded,  and  FVC  sheath  char  distance 
is  only  65cm.  In  the  case  of  Sample-2,  a flame  height 
at  the  maximum  spread,  and  FVC  sheath  char  distance 
are  0.7m  after  10  minutes  and  50cm,  respectively. 

Hie  result  on  Somple-3  exhibit  the  flame  height  of 
0.6m  at  maximum  spread  after  12  minutes  exposure  and 
FVC  sheath  char  distance  of  45cm. 

These  results  shown  that  the  2mm  thick  extruded 
layer  of  Compound  A and  the  wrapping  layer  of  Compound 
B"tape  are  equivalently  as  effective  as  the  intumes- 
cent coatings  in  flame  spreading  resistance. 
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A..?  Vertical  Cablc-lhrough-Hole  Test 

Figure  12  illustrates  the  results  of  Experiraent- 
3 in  which  it  is  also  revealed  that  the  flame  spreading 
along  the  cable  sample  is  perfectly  prevented  at  the 
sealed  cable -through-hole  in  the  vertical  test. 

5.  Applications 

Compound  A,  in  the  form  of  an  extrudate  has  al- 
ready found  application  to  the  Leaky  Coaxial  Cable 
(or  LCX)  which  is  insulated  and  sheathed  with  PE  used 
for  police  radio  system  for  under  ground  street  in 
great  city.  LCX  cables  are  usually  installed  in  the 
ceiling  where  the  space  is  greatly  limited  for  the 
application  of  coatings.  Therefore,  the  cable  con- 
struction including  a Compound  A extrudate  is  easily 
installable  and  can  overcome  the  disadvantage  of  con- 
ventional coatings.  Investigations  are  progress  on  the 
application  of  a Compound  A- sheet  as  a wrapping  materi- 
al for  a group  of  cables  and  also  on  the  application 
of  Compound  A-tube,  "C"  shaped  in  cross  section  for  a 
certain  cable  as  illustrated  in  Figure  13  and  14. 

It  is  found  that  Compound  B-tape  is  applicable  to 
large  diameter  cables  such  as  Oil-Filled  cables,  and 
also  suitable  for  a small  group  of  cables  as  illustra- 
ted in  Figure  15  and  16 . 

Compound  C putty  has  already  been  used  in  nuclear 
power  generating  stations  in  Japan.  Other  examples  of 
applied  state  of  Compound  C is  shown  in  Figure  13. 


FIGURE  13 

Example  of  Line  with  Compound  A . 0 . And  C 


FIGURE  14 


Example  of  Applied  State  of 
Compound  A-sheet  and  Compound  C 


Oil-Filled  Cable  with  Compound  8 tape 


FIGURE  16 

275kV  Oil-Filled  Cable  with  Compound  B 
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6 . Cone  lus  ion: 


Takahiko  Yabuki 


The  development  of  new  intumescent  materials 
which  are  lassified  into  three  types  ; i.e.  the 
thermoplastic  compound,  the  rubber-like  compose  i and 
the  putty-like  compound,  has  resulted  in  the  new  fire- 
preventing  methods  for  cable  lines, 
ihose  materials  can  be  used  in  every  forms,  as  extru- 
iate  ver  cable  sheath,  as  wrapping  layer  witl  rubber 
like  self -bonding  tape  or  as  putty  seal  packed  int  a 
eible-through-hole  or  other  cavities.  They  hav- 
already  used  preferably  in  police  radio  system  f >r 
under  ground  streets  and  in  nuclear  power  genera t i:. 
stations  and  in  substations. 
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Chiyoda-ku, 
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Summary 

Increased  energy  costs  for  thermal  crosslink- 
ing and  the  greater  processing  flexibility  of 
radiation  curing  have  resulted  in  a trend  to- 
wards radiation  curing  of  Wire  and  Cable  in- 
sulation in  the  last  three  years.  Growth  for 
flame  retardant  polyolefin  insulation  has  been 
limited  by  the  availability  of  acceptable 
materials.  Porosity  and  low  strength  proper- 
ties are  the  two  principal  problems  encoun- 
tered with  radiation  curing.  Tailoring  of 
compound  formulations  specifically  for  radia- 
tion curing  is  required.  Data  for  commercial 
compounds  are  provided. 

Introduction 

The  high  versatility  and  large  volume  applica- 
tions of  polyolefins  are  well  known  and 
strongly  established.  This  growth  has  been 
principally  with  unmodified  polymers  or  with 
limited  modification  to  obtain  stability,  or 
a desired  color  or  to  change  surface  proper- 
ties. One  application  area  which  is  rapidly 
growing  and  extending  the  range  of  commercial 
polyolefin  based  products  is  filled  compounds, 
especially  fire  retardant  compounds.  However, 
for  many  applications  the  thermoplasticity  of 
polyolefins  leads  to  serious  temperature 
limitations.  Their  inherent  mechanical  tough- 
ness at  room  temperature  is  due  to  their  high 
level  of  crystallinity  which  is  lost  at  ele- 
vated temperatures.  To  preserve  the  toughness 
and  resistance  to  deformation  above  the  crys- 
talline melt  point,  it  is  necessary  to  convert 
the  polymer  from  a thermoplastic  to  a thermo- 
set structure  through  crosslinking  of  the 
polymer  chain.  Crosslinking  eliminates  the 
important  reprocessing  characteristics  of 
polyolefin  resins  resulting  in  the  loss  of  re- 
cyclability. However,  some  applications  such 
as  wire  and  cable  insulation,  demand  perfor- 
mance properties  and  long  life  requirements 
which  far  exceed  any  advantages  of  resin  reuse. 

Low  density  polyethylene  and  ethylene  copoly- 
mers may  be  crosslinked  either  by  thermal 
treatment  (1)  using  a peroxide  or  by  excita- 
tion with  a high  energy  source  such  as  radi- 
ation, (2)  or  ultraviolet  light.  For  polyole- 
fin based  compounds  in  nonthin  film  applica- 
tions, thermal  crosslinking  using  peroxides 
has  been  the  principal  commercial  method  em- 
ployed. In  the  past  three  years,  radiation 
curing  has  been  experiencing  rapid  growth. 

With  this  growth,  there  has  been  an  increasing 
demand  for  application  of  radiation  curing  to 
polyolefin  compounds. 

Crosslinking  Processes 

Thermal  crosslinking  provides  a degree  of 
flexibility  in  selection  of  the  chemical  cur- 
ing system  and  its  concentration.  However, 


this  selection  prescribes  the  time  and  temper- 
ature of  cure  to  a large  degree.  It  requires 
heat  to  obtain  curing  and  pressure  to  prevent 
void  formation.  Steam  is  generally  the  best 
heat  transfer  medium  to  provide  these  require- 
ments. Production  rate  is  limited  by  the 
length  of  the  Continuous  Vulcanizer  (CV)  Tube 
and  the  rate  of  curing  of  the  compound.  Thus, 
considerable  production  space  is  required 
since  product  curing  is  carried  out  in  line 
after  the  product  fabrication  process.  Main- 
tenance requirements  common  to  a steam  system 
and  air  pollution  problems  of  a steam  genera- 
tion plant  are  other  disadvantages. 

Radiation  curing  offers  increased  flexibility 
in  product  processing.  For  example,  the 
formed  product  can  be  cured  at  a later  date  or 
cured  to  varying  degrees  without  a change  in 
compound  formulation.  Without  temperature 
limitations  in  the  compound,  fabrication  and 
extrusion  may  be  performed  at  a faster  rate. 

It  has  been  reported  that  80%  of  the  radiation 
equipment  in  operation  has  been  installed  in 
the  last  three  years.  Space  requirements  for 
equipment  are  reduced  and  are  more  flexible 
without  the  need  for  in-line  extrusion  and  cur- 
ing. Maintenance  and  equipment  problems  are 
reduced  with  the  elimination  of  the  need  for 
steam.  However,  radiation  processing  requires 
more  stringent  safety  procedures  and  it  can 
introduce  employee  concern  for  safety.  Over- 
all, growth  in  radiation  curing  is  due  princi- 
pally to  lower  unit  product  cost  compared  to 
the  cost  for  thermally  cured  products.  Table 
I provides  a summarization  of  data  from  sev- 
eral sources  comparing  radiation  and  thermal 
curing  in  1972.  Relative  cost  with  each  pro- 
cess will  depend  on  many  factors  related  to 
plant  location,  equipment  available  and  com- 
pany product  line.  For  many  applications, 
radiation  curing  may  not  be  as  favorable  as 
indicated  by  these  data.  However,  the  recent 
rapid  growth  indicates  a more  advantageous 
position  for  radiation  curing  at  the  present 
time . 

Polyolefin  Compounds 

The  growth  of  radiation  curing  for  polyolefin 
compounds  is  related  to  the  availability  of 
materials  which  can  be  processed  to  finished 
products  with  acceptable  performance  proper- 
ties. Here  there  has  been  a deficiency,  es- 
pecially for  flame  retardant  compounds.  Modi- 
fication of  the  curing  system  of  a thermally 
curable  compound  by  peroxide  removal  does  not 
provide  a suitable  compound  for  curing  by 
radiation.  In  our  developmental  program,  ini- 
tial property  evaluations  on  radiation  treated 
wire  insulation  indicated  insufficient  cross- 
linking.  Formulation  modification  and  varia- 
tion of  the  radiation  dose  in  an  attempt  to 
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increase  curing  failed  to  provide  acceptable 
insulation  properties.  Generally,  physical 
properties  were  low,  solvent  extractables  were 
high  and  heat  distortion  resistance  was  defi- 
cient. Often,  the  insulation  did  not  pass  the 
Underwriter's  Laboratory  FR-1  flame  test. 
Density  measurements  led  to  microscopic  obser- 
vations and  the  detection  of  a very  fine  cell 
porosity  which  was  also  found  in  the  uncured 
insulation  and  ultimately  traced  back  to  the 
pelletized  compound.  Therefore,  formation  of 
voids  is  a problem  which  may  occur  during  com- 
pound preparation,  extrusion  onto  wire  or 
radiation  curing. 

The  effect  of  porosity  is  illustrated  by  a com- 
parison of  the  performance  properties  of  porous 
and  nonporous  wire  insulations  (Table  IX). 

This  porous  wire  insulation  was  obtained  about 
half  way  through  the  development  program.  At 
this  point,  compound  and  processing  improve- 
ments provided  acceptable  heat  distortion 
properties  and  passage  of  the  flame  test. 
Porosity  in  the  uncured  material  increases  the 
radiation  dose  required  for  crosslinking.  The 
best  balance  of  properties  obtained  with  radi- 
ation curing  of  porous  wire  insulation  still 
shows  inadequate  tensile  strength,  solvent  ex- 
tractables and  wet  electrical  properties.  In 
contrast,  nonporous  insulation  provides  excel- 
lent performance  properties  with  a low  radi- 
ation dose. 

To  the  naked  eye,  both  porous  and  nonporous 
pellets  of  compounded  material  appear  to  be 
similar.  At  a magnification  of  85  power, 
porosity  is  evident  in  the  porous  pellet,  as 
shown  in  Figure  1.  Extrusion  of  this  material 
to  a strand  or  insulation  on  wire  results  in  a 
porous  texture  which,  on  magnification,  appears 
as  shown  in  Figure  2.  The  same  magnification 
of  an  extruded  strand  from  nonporous  pellets  is 
shown  in  Figure  3.  The  noted  density  data  in- 
dicate the  degree  of  porosity  present  and  con- 
firm that  extrusion  of  a porous  compound  does 
not  remove  the  voids.  Porosity  caused  by  en- 
trapped moisture  is  illustrated  with  85  power 
magnification  in  Figure  4.  This  type  of 
porosity  is  detected  by  the  naked  eye.  Gener- 
ally, moisture  absorbing  pigments  produce  this 
condition. 

The  effect  of  total  radiation  dose  on  uncured 
porous  and  nonporous  wire  insulation  is  graph- 
ically illustrated  in  Figure  5,  and  the  corre- 
sponding properties  data  are  listed  in  Table 
III.  Porous  insulation  becomes  more  porous 
at  all  doses  while  nonporous  insulation  devel- 
ops significant  porosity  only  at  high  levels 
of  radiation.  Generally,  the  radiation  dose 
for  initiation  of  porosity  in  nonporous  in- 
sulation exceeds  the  dose  required  for  optimum 
cure  of  properly  formulated  flame  retardant 
polyolefin  compound.  Porosity  formation  dur- 
ing radiation  curing  is  illustrated  by  photo- 
micrographs taken  at  an  85  power  magnifica- 
tion. Figure  6 shows  slightly  porous  insula- 
tion after  curing  at  12.5  Megarads.  A 20 
Megarads  dose  produces  significantly  greater 
porosity  in  the  same  insulation  (Figure  7) . 

From  these  and  other  results,  the  following 
ideas  were  derived  concerning  the  successful 
formulation  of  radiation  curable  polyolefin 
compounds . 

Radiation  curing  requires  no  pressure.  As 
noted  above,  this  contributes  economic 
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advantages.  Also,  it  avoids  the  development 
of  chemical  compounds,  such  as  peroxide  re- 
sidues, which  can  contribute  to  polymer  de- 
gradation with  heating  or  aging.  However, 
hydrogen  formation  during  irradiation  is  a 
strong  factor  in  porosity  formation.  The 
dose  rate  is  another  important  factor  since 
the  rate  of  application  of  radiation  de- 
termines the  temperature  generated  in  the 
material  which  affects  the  melt  strength  of 
the  compound.  Thus,  a combination  of  lack  of 
pressure,  hydrogen  formation  and  heat  genera- 
tion provide  favorable  conditions  in  radia- 
tion curing  for  porosity  formation  and  ex- 
pansion of  porosity  present. 

Therefore,  elimination  of  porosity  must  origi- 
nate at  compound  preparation.  Compound  formu- 
lation must  be  tailored  to  provide  mixed 
materials  without  porosity  or  ingredients 
which  will  not  generate  porosity  during  pro- 
cessing. The  combination  of  flame  retardant 
additives,  stabilizers,  pigments,  fillers,  etc. 
employed  in  flame  retardant  polyolefin  com- 
pounds can  provide  ideal  conditions  for  effi- 
cient dispersion  of  absorbed  air,  moisture  and 
other  volatiles  resulting  in  a porous  compo- 
sition of  very  fine  cells.  Removal  of  this 
type  of  porosity  during  fabrication  is  very 
difficult.  Raw  materials  which  liberate 
volatiles  during  processing  or  which  are  sus- 
ceptible to  absorbing  moisture  during  storage 
can  initiate  or  amplify  porosity.  Complete 
elimination  of  all  absorbed  volatiles  and 
sources  of  volatiles  is  frequently  not  eco- 
nomically feasible.  Often,  performance  prop- 
erties required  in  the  finished  product  neces- 
sitate such  ingredients.  Therefore,  the  pro- 
duction compounding  process  must  be  tailored 
to  remove  volatiles.  Careful  control  of  the 
degree  of  mechanical  shear  on  the  polyolefin 
polymer  throughout  the  compounding  process 
results  in  dispersion  of  all  ingredients  with 
a continual  removal  of  volatiles  through  a 
breakdown  of  the  fine  cell  porosity.  Accurate 
density  measurements  provide  a quality  control 
measure  for  obtaining  the  desired  nonporous 
material. 

These  procedures  were  used  to  produce  a com- 
pound which  cures  efficiently  with  radiation 
to  a wire  insulation  exhibiting  excellent 
performance  properties  as  noted  in  Table  II. 
Photomicrographs  of  this  nonporous  wire  in- 
sulation exhibit  no  voids  with  a 12.5  Megarad 
dose  (Figure  8)  and  only  slight  porosity  at 
20  Megarads  (Figure  9) . 


FIGURE  1 


Porous  - Cute 
Density  = 1.137  g./cc. 
lx.  Density  = 1.258  g./cc. 


FIGURE  4 


Compound  Containing  Moisture 
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FIGURE  6 


12.5  MR  Wire  Insulation  - Slightly  Porous 


Max 


FIGURE  3 


Extruded  Strand  - Nonporous 
Density  = 1.297  g./cc. 
Max.  Density  = 1.297  g./cc. 


20  MR  WIRE  Insulation  - Porous 


Max.  Density 


FIGURE  8 


FIGURE  9 


12.5  MR  Wire  Insulation  - Nonporous 


20  MR  Wire  Insulation  - Very  Slight  Porosity 


Density  = 1.292  g./cc 
Max.  Density  = 1.297  g./cc 
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TABLE  I 

Radiation  Curing  vs.  Thermal  Curing 
Equipment  and  Operational  Cost  (1972) 


Radiation  Thermal 


Unit 

1.0  MEV  25  MA 

3-1/2  Horiz. 

Acce lerator 

CV  Line 

Compounds 

PVC,  PE,  Rulan , 

XLPE , Silicone 

Kynar,  FEP, 

Neoprene 

Total  Cost  of  Line 

$260,000 

$200,580 

Amortization  (5  Yr.  ) 

$ 52,000 

$ 40,000 

Direct  Labor 

$ 24,000 

$ 36,000 

Overhead 

$ 24,000 

$ 36,000 

Utilities 

$ 6,000 

$ 40,000 

Insurance 

$ 2,000 

$ 1,110 

Maintenance 

$ 12,000 

$ 16,000 

Operating  Supplies 

- 

$ 15,000 

Scrap  Loss 

$ 3,600  (3%) 

$ 18,  400  (10%) 

Hourly  Operational 
Cost  (6000  Hrs./Yr.) 

$ 20.60 

$ 33.60 

Annual  Output 

300  x 106  Ft. 

180  x 106  Ft. 

Cost  Per  Ft. 

$ .00412 

. 00112 

TABLE  XI 

Radiation  Curing  - Optimum  Dosage 
Porous  Vs.  Nonporous  Wire  Insulation 

Performance  Properties 


Nonporous 

Porous 

12.5  Mrads 

15  Mrads 

Cure 

Cure 

Spec. * 

Density-Cured  Insulation,  g./cc/ 

1.292 

1.187 

Max.  Density,  g./cc. 

1.297 

1.258 

Density-Compound  Pellet,  g./cc 

1.286 

1.137 

Density-Uncured  Insulation,  g./cc 

1.297 

1.228 

Tensile  Strength,  psi 

2000 

1420 

1800  min 

Tensile  Elongation,  % 

430 

370 

250  min 

Heat  Aging  - 7 days  @ 121°C 

75  min 

% Retention  of  Tensile  Strength 

>100 

>100 

75  min 

% Retention  of  Elongation 

>100 

97 

Xylene  Extractables , Wt.  % 

10.4 

24.0 

30  max 

Heat  Distortion-121°C. , 500  gm.  load  - % 

25.5 

25.7 

30  max 

Electrical  Moisture  Absorption 

SIC  after  24  Hrs.  -75°C  H20,  40  V./mil. 
Increase  in  Capacitance 

3.2 

3.2 

6.0  max 

1-14  Days,  % 

0.  6 

33.0 

3.0  max 

7-14  Days,  % 

0.6 

12.9 

1 . 5 max 

Stability  Factor  after  14  Days 

0.24 

2.3 

1 . 0 max 

Flame  Test,  UL  FR-1 

Pass 

Pass 

Pass 

Limiting  Oxygen  Index 

28.5 

26.5 

- 

Extruded  as  1/32"  wall  insulation  on  #12  AWG  Wire  Irradiated  with  High  Energy  Electron  Beam 
* Insulated  Power  Cable  Engineers  Pub.  No.  S-66-524 
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TABLE  111 


Effect  of  Radiation  Dose  on  Properties  of  Wire  Insulation 


Condition 

of 

Radiation 

Dose  in 

Mr  ads 

Performance 

Property 

Uncured 

Insulation 

0 

10 

12.5 

15 

17.5 

20 

23 

Porous 

1.228 

1.204 

1.202 

1. 187 

1.174 

1.147 

Density,  g/cc 

Nonporous 

1.297 

" 

1.292 

1.290 

1. 284 

1.284 

1.282 

Porous 

960 

1350 

1460 

1420 

1395 

1365 

. 

Tensile  Strength, 

psi 

Nonporous 

1100 

1840 

2000 

1980 

1750 

1740 

1680 

Porous 

570 

400 

405 

370 

345 

325 

Elongation,  % 

Nonporous 

570 

410 

430 

400 

350 

320 

300 

Porous 

_ 

_ 

37.2 

25.7 

29.4 

27.0 

31.2 

Heat  Distortion 

Nonporous 

30.9 

25.5 

25.7 

27.7 

23.9 

23.5 

Porous 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

UL  FR-1  Flame  Test 

Nonporous 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 
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FILLED  VINYL  JACKET  COMPOUNDS 


J.  A.  Falter 
P.  C.  Warren 
Bell  Laboratories 
Murray  Hill,  New  Jersey  07974 


Abstract 

Aim  ! na  trihydrate  and  calcium  carbonate  were 
added  to  a vinyl  jacket  compound  up  to  0.25 
ilume  fraction  to  study  the  effects  on  pro- 
ves: .ng,  mechanical  and  flammability  proper- 
ty's. The  results  were  obtained  urder  con- 
ditions f constant  plasticizer  and  constant 
low  temperature  impact  (variable  plasticizer). 
The  most  useful  compounds  emerged  from  the 
latter  category.  The  highest  filled  formula- 
tions appropriately  compensated  with  extra 
plasticizer  were  slightly  cheaper,  had  good 
elongation  and  processed  reasonably  well. 

They  were  twice  as  flexible  as  the  unfilled 
formulations.  On  the  negative  side,  the  ten- 
sile, shear  and  tear  strengths  were  roughly 
halved  over  those  of  the  control.  Alumina 
hydrate- fi lied  materials  burned  at  a constant 
oxygen  index  when  maintained  at  constant  low 
temperature  brittleness,  while  the  calcium 
carbonate- f i 1 led  vinyl  was  considerably  more 
flammable. 

Introduction 

One  way  to  reduce  costs  and  extend  vinyl 
jacket  materials  is  to  incorporate  inorganic 
fillers  into  them  as  efficiently  as  possible. 
An  added  incentive  is  to  use  functional  addi- 
tives such  as  alumina  hydrate  (for  improved 

II  fire  resistance)  or  calcium  carbonate  (for 

absorption  of  acidic  gases  during  pyrolysis 
i,  or  combustion)  . While  many  commercial  vinyl 

compounds  currently  use  either  of  these  in- 
organics in  moderate  amounts  (up  to  0.1  vol- 
ume fraction) , we  decided  to  measure  the 
effects  of  loadings  as  high  as  0.25  volume 
fraction  on  mechanical,  electrical,  low  tem- 
perature impact,  processing  and  flammability 
properties  under  two  conditions:  constant  40 

phr  plasticizer  and  constant  low  temperature 

! brittleness  (variable  plasticizer).  The  re- 

sults would  allow  us  to  document  the  advan- 
tages of  highly  filled  vinyl  as  applied  to 
wire  and  cable  jackets.  We  were  particularly 
interested  in  identifying  those  properties 
that  might  qive  a nonlinear  response  to  in- 
creasing filler  and/or  plasticizer  concentra- 
tions. 

Experimental 

All  vinyl  compounds  were  initially  blended  in 
a Henschel  mixer,  followed  by  fluxing  in  a 
Banbury  mixer  and  then  sheeted  on  a two-roll 
mill.  A summary  of  the  standard  tests  run  on 
compression  molded  .075"  thick  samples  is  in- 
cluded in  Table  1. 

Processing 

ily  experiments  utilized  an  initial  dry  mix 
■ i a two  roll  mill  only,  but  the  low  tempera- 
' ire  brittleness  performance  of  the  resulting 
tilled  samples  suffered  by  as  much  as  3-5° 
compared  to  more  efficiently  mixed  compounds. 


We  have  concluded  that  a filler  study  must  in- 
clude adequate  processing  to  achieve  optimum 
performance  of  the  material.  The  high  speed 
Henschel  mixer  served  to  disperse  all  compo- 
nents evenly  as  well  as  break  up  the  inevita- 
ble agglomerates  in  the  filler,  while  the  Ban- 
bury assured  wetting  of  all  surfaces. 

Filler  Description 

Any  discussion  of  filler  performance  must  char- 
acterize the  inorganic  material  as  completely 
as  possible  since  the  final  properties  of  the 
vinyl  compound  are  highly  dependent  on  filler 
shape  and  surface  chemistry  as  well  as  parti- 
cle size  and  distribution.  Based  on  earlier 
work  in  this  laboratory,  we  narrowed  our  study 
to  two  fundtional  fillers,  calcium  carbonate 
and  alumina  hydrate.  Commercial  calcium  car- 
bonates are  available  in  a wide  range  of  par- 
ticle sizes  and  distributions,  and  Omyalite 
90T  (Pleuss-Staufer ) , a calcium  stearate 
coated  calcium  carbonate,  was  eventually  se- 
lected as  the  best  example  of  the  lot.l  Sim- 
ilarly, Hydral  710  (Alcoa)  was  picked  over 
several  candidates  of  alumina  hydrate. 2 Sed- 
igraph  analyses  are  shown  in  Figure  1 for 
these  materials,  both  are  shown  to  be  small 
particle  size  inorganics  with  very  narrow  dis- 
tributions. Finally,  both  fillers  showed  low 
oil  absorption,  a characteristic  that  encour- 
ages plasticizer  to  interact  with  resin  rather 
than  the  filler  surface. 

Results  and  Discussion 

Mere  addition  of  large  amounts  of  inorganic 
filler  to  an  existing  vinyl  formulation  to 
cheapen  it  or  to  improve  physical,  electrical, 
processing  and/or  flammability  properties 
would  probably  give  undesirable  material.  On 
the  other  hand,  controlled  compensation  with 
appropriate  amounts  of  plasticizer  would  hope- 
fully produce  useful  compounds.  We  chose  to 
maintain  constant  the  low  temperature  brittle- 
ness (LTB)  property  as  both  filler  and  plas- 
ticizer gradually  dominated  the  compound  and 
study  the  effect  on  the  overall  performance  of 
the  material.  Adding  equivalent  amounts  of 
filler  to  a constant  40  phr  plasticized  vinyl 
served  as  our  control.  Two  separate  studies 
were  conducted,  one  incorporating  alumina  hy- 
drate (Hydral  710)  and  the  other  utilizing 
calcium  stearate-coated  calcium  carbonate 
(Omyalite  90T) . 

Low  Temperature  Brittleness 

Figure  2 compares  the  low  temperature  perform- 
ance of  constant  plasticizer  compounds  with 
that  of  constant  LTB  materials.  Both  alumina 
tnhydrate  and  coated  calcium  carbonate  had 
only  a relatively  moderate  effect  on  this 
property  in  the  former  case  but  it  accumulated 
to  a 10-15°  deterioration  at  0.25  volume  frac- 
tion of  solids.  The  constant  LTB  formulations 
were  empirically  determined  and  are  listed  for 
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each  filler  in  Table  2.  The  two  inorganics 
were  remarkably  similar  in  LTB  performance, 
the  calcium  carbonate  being  slightly  more 
efficient  than  alumina  hydrate  --  16  addi- 

tional phr  plasticizer  were  necessary  to 
compensate  for  0.25  volume  fraction  of  the 
former  filler  while  20  phr  plasticizer  were 
necessary  for  the  latter,  as  illustrated  in 
Figure  3.  Furthermore,  it  is  obvious  that 
increasing  amounts  of  filler  required  ever- 
increasing  amounts  of  plasticizer.  For 
instance,  the  first  20  phr  of  calcium  car- 
bonate necessitated  just  2 phr  of  plasticizer, 
but  the  last  25  phr  filler  demanded  over 
twice  that  amount. 

Elongation 

Either  filler  added  directly  to  the  40  phr 
plasticized  formulation  gave  a precipitous 
drop  in  elongation  as  shown  in  Figure  4.  Con- 
stant LTB  formulations,  however,  gave  only 
minor  negative  responses  - the  alumina  hydrate- 
filled  materials  stabilized  at  about  70%  of 
the  unfilled  value,  while  the  coated  calcium 
carbonates  gave  essentially  no  deterioration. 
Clearly  the  maintenance  of  the  LTB  property 
also  guarantees  acceptable  elongations  for 
jacket  materials. 

Tear,  Tensile,  Shore  A Hardness,  and  Shear 

Quite  the  opposite  results  were  apparent  from 
other  commonly  measured  mechanical  properties 
such  as  tear,  tensile  and  shear  strengths, 
and  hardness,  summarized  in  Table  3.  In  all 
cases  the  constant  40  phr  plasticized  form- 
ulations gave  only  minor  (0-20%)  reductions 
relative  to  the  unfilled  material,  but  the 
constant  LTB  compounds  eroded  linearly  with 
increasing  filler/plasticizer  additions  such 
that  each  property  at  0.25  volume  fraction  (of 
either  filler)  was  approximately  half  of  the 
original.  Since  the  shear  and  tear  perform- 
ance is  very  relevant  to  jacket  applications, 
it  is  primarily  here  that  the  designer  has  to 
decide  how  much  filler  can  be  tolerated  and 
still  have  a useful  product. 

Flexural  Modulus 

Additions  of  filler  to  constant  plasticized 
formulations  had  a stiffening  effect  resulting 
in  doubled  flexural  modulii  (8300  psi)  at  0.25 
volume  fraction  over  the  unfilled  control 
(4100  psi).  Constant  LTB  materials,  however, 
had  half  the  original  value  (2200  psi)  for  the 
heaviest  filler  loadings.  Two  facts  were  thus 
apparent:  plasticizers  soften  much  faster 

than  fillers  stiffen  at  room  temperature  and 
they  also  are  relatively  inefficient  at  pre- 
serving impact  properties  at  lower  tempera- 
tures. As  a resulting,  highly  filled  vinyl 
jacket  formulations  with  good  low  tempera- 
ture properties  are  very  flexible  materials 
indeed. 

Melt  Flow 

If  a material  cannot  be  manufactured  in  com- 
mercial equipment  it  is  of  little  practical 
use.  The  relative  processing  characteristics 
of  the  constant  plasticizer  and  constant  LTB 
materials  were  examined  at  one  shear  stress, 
shown  in  Figures  5 and  6.  An  almost  straight 
line  deterioration  of  melt  flow  described  the 


constant  plasticizer  materials.  The  constant 
LTB  compounds,  however,  initially  dropped  to 
half  the  unfilled  flow  rate  but  at  higher  load- 
ings regained  and,  in  the  case  of  coated  cal- 
cium carbonate,  surpassed  the  initial  value. 
(This  latter  case  is  presumably  due  to  the 
lubricant  effects  of  calcium  stearate  on  the 
surface.)  Constant  LTB  compounds  would  there- 
fore be  expected  to  show  only  minor  differences 
in  processing  relative  to  the  unfilled  control. 

Dielectric  Constant  and  Volume  Resistivity 

While  this  investigation  was  primarily  con- 
cerned with  jacket  formulations , we  did  exam- 
ine two  electrical  properties;  dielectric  con- 
stant and  volume  resistivity.  The  former  pro- 
perty increased  linearly  with  filler  content 
both  constant  plasticizer  and  constant  LTB 
m--  a2 - for  both  i:\lers.  For  instance,  the 
consi  .!  LTB  vinyl  increased  from  3.93  to  5.85 
and  5.31  for  • hign-=st  filled  alumina  hydrate 
and  calcium  ca-eonate  compounds,  respectively. 
Volume  resistivi* i . ' showed  a mixed  response  - 
the  dry  and  wet  values  for  the  constant  plas- 
ticizer materials  increased  while  those  for 
the  constant  LTB  formulations  decreased  (due 
to  the  increased  plasticizer  concentration) , 
in  some  cases  up  to  an  order  of  magnitude. 

Flammability 

Burning  properties  of  cable  jackets  have  be- 
come extremely  important  in  recent  years  and 
we  have  accordingly  determined  oxygen  index  on 
our  formulations , shown  on  Figure  7.  The 
alumina  hydrate-filled  constant  plasticizer 
compounds  showed  a steadily  increasing  oxygen 
index.  For  instance,  the  0.25  volume  fraction 
vinyl  gave  a value  of  38,  up  7.5  units  over 
the  unfilled  control.  Ir.  epoxy  systems  alu- 
mina hydrate  is  reported^  to  become  increas- 
ingly more  effective  at  higher  loadings,  but 
this  observation  was  only  slightly  evident  in 
our  work.  The  constant  LTB  material  gave  a 
constant  oxygen  index.  Apparently  LTB  and 
oxygen  index  are  about  equally  sensitive  to 
plasticizer  and  alumina  hydrate,  and  mainten- 
ance of  the  first  property  also  tends  to  main- 
tain the  second.  A practical  corollary  is 
that  it  is  probably  better  not  to  use  alumina 
hydrate  at  all  for  maximum  mechanical  perform- 
ance at  maximum  fire  resistance.  (Such  a 
statement  does  not,  however,  consider  that 
oxygen  index  might  not  model  a true  fire  situ- 
ation, that  the  filler  might  be  economically 
advantageous  or  that  low  smoke  benefits  might 
accure  from  its  use.) 

Coated  calcium  carbonate  lowered  the  oxygen 
index  in  a linear  manner.  Constant  plasti- 
cizer mixtures  dropped  by  about  3.5  units  at 
0.25  volume  fraction  filler  and  constant  LTB 
compounds  decreased  by  twice  that  amount.  On 
the  plus  side,  however,  the  calcium  carbonate 
at  loadings  of  0.2  volume  fraction  or  higher 
absorbed  about  three-quarters  of  the  corro- 
sive HC1  gas  emitted  during  combustion, 4 as 
shown  in  Figure  8.  (In  separate  experiments 
it  was  determined  that  very  small  particle 
size  precipitated  calcium  carbonates  increased 
the  absorption  to  90%.  These  high  surface 
area  fillers  are  not  currently  practical,  how- 
ever, because  of  very  poor  mechanical  proper- 
ties at  the  higher  loadings.)  While  the  a . - 
absorbing  fillers  have  not  been  utilized  to 


any  great  extent  commercially,  it  is  note- 
worthy that  calcium  carbonate  is  probably  the 
most  economical  and  practical  of  all  the  basic 
salts  that  might  be  incorporated  into  vinyl 
jackets  for  this  purpose. 

Economics 

Based  on  August  1976  bulk  prices,  the  lb-vol 
cost  of  all  components  in  the  unfilled  control 
would  be  $0,387  as  shown  in  Figure  9.  Both 
alumina  hydrate  and  coated  calcium  carbonate 
give  cost  benefits  amounting  to  about  6%  for 
the  highest  loaded  alumina  hydrate  constant 
LTB  compound  and  15%  for  the  calcium  carbonate 
analogue.  The  lesser  filled  materials  exhibit 
proportionately  lower  benefits.  Recent  price 
increases  have  indeed  rendered  the  cost  saving 
virtues  of  alumina  hydrate  meager.  Even 
coated  calcium  carbonates  are  not  as  cheap  as 
they  might  appear  when  one  considers  they  are 
used  on  a volume  basis  - the  meaningful  lb-vol 
cost  is  almost  half  that  of  the  unfilled  com- 
pound. Therefore,  both  fillers  should  be  con- 
sidered primarily  as  functional  additives  and 
only  secondarily  as  cost  reducing  extenders. 

Conclusions 

Addition  of  inorganic  filler  to  vinyl  jacket 
compounds  must  be  accompanied  by  appropriate 
amounts  of  plasticizer  to  maintain  a selected 
low  temperature  brittleness  property.  Only 
minor  reductions  in  elongation  result  but 
other  important  mechanical  properties  such  as 
shear,  tensile,  tear  and  hardness  deteriorate 
significantly  at  high  loadings.  The  resulting 
materials  are  all  noticeably  more  flexible 
than  the  unfilled  control.  The  filled  com- 
pounds can  all  be  processed  on  commercial 
equipment,  albeit  less  easily  in  some  cases. 
Flammability  properties  will  either  be  just 
maintained  (alumina  hydrate)  or  will  deterio- 
rate (calcium  carbonate)  depending  on  the 
filler,  but  in  the  latter  case  the  potential 
for  reducing  corrosive  smoke  during  combustion 
exists.  Based  solely  on  oxygen  index  results, 
alumina  hydrate  is  a useful  but  only  mildly 
effective  fire  retardant  for  vinyl  jacket 
applications.  There  are  definite  cost  saving 
advantages  in  using  fillers,  but  only  up  to  a 
maximum  of  about  15%  savings.  The  decision  of 
when  and  how  much  to  use  fillers  is  thus  the 
usual  complex  one  that  rests  on  a careful 
analysis  of  the  end  use  of  the  material  and 
then  compromising  on  the  best  cost/performance 
design . 
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Table  1 - Test  Methods 


Tensile  Strength  and 
Ultimate  Elongation 

ASTM  D-412,  Specimen  Die  C 
and  speed  of  20  in. /min. 

Tear  Resistance 

ASTM  D-624,  Specimen  Die  B 
and  speed  of  20  in. /min. 

Shear  Strength 

Western  Electric  Material 
Specification  test.  Force 
required  to  drive  a one  inch 
45*  wedge  with  a 0.30  inch 
flat  through  a 0.075  inch 
thick  plaque. 

Bardneas 

ASTM  D-2240,  Shore  A Durometer. 

Stiffness  in  Flexure 

ASTM  D-747. 

Low  Temperature  Brittleness 

ASTM  D-746,  20  specimens  per 
temperature,  only  complete 
breaks  counted  as  failures. 

Oxygen  Index 

ASTM  D-2863,  0.075  inch  thick 

specimens . 

Volume  Resistivity 
(Dry  i wet) 

ASTM  D-257-75. 

Dielectric  Constant 

ASTM  D-150-74. 

Melt  Plow 

ASTM  D-1238  at  170#C  and 
20,000  gram  load  using  a one 
inch  die  with  45*  entry  angle. 

HC1  Absorption 

Method  utilizing  Schoeniger 
Combustion  Apparatus. ^ 

Table  2 - Test 

Formulations 

Constant  Plasticizer  Constant  LTB 

Resin 

GP5-00003 
(Geon  103EP) 

100  phr  100 

phr 

Plasticiser 

Mixed  Dialkyl  Phthalate 
(Santicizer  711  ) 

40  phr  As  specified 

in  Figure  3 

Stabilizer 

Tribasic  Lead  Sulfate 
(Tribase  ) 

5 phr  5 

phr 

Pi  re  Retardant  - 

Antimony  Oxide 

3 phr  3 

phr 

Lubricant 

Stearic  Acid 

0 . 5 phr  0 . 5 

phr 

Calcium  Stearate  Coated 

Calci tun  Carbonate 
(Omyalite  90T  ) 
or 

Aluminum  Oxide  Trihydrate 
(Hydral  710  ) 


0,25,50,75  or  100  phr  0,25,50,75  or  100  phr 


Table  3 - Mechanical  Properties 


Filler 

phr  Filler/phr  Plasticizer 

Volume 

Fraction 

Filler 

Tensile 
St  rength 
(psi ) 

■rear 

Resistance 

(lb/in) 

Shear 

Strength 

(lb) 

Hardness 
Shore  A 

None 

0/40 

0 

3175 

980 

990 

91 

Hydral  710 

25/40 

0.083 

2921 

827 

970 

91 

50/40 

0.154 

2710 

817 

877 

90 

75/40 

0.214 

2695 

778 

823 

89 

100/40 

0.267 

2580 

747 

810 

87 

25/41.5 

0.081 

2795 

704 

810 

90 

50/47 

0. 145 

2426 

649 

746 

85 

75/53.8 

0.195 

1951 

560 

650 

83 

100/60 

0.236 

1755 

489 

572 

83 

Omyalite  90T 

25/40 

0.075 

2881 

8 35 

957 

90 

50/40 

0.139 

2751 

794 

857 

88 

75/40 

0.  195 

2404 

785 

790 

87 

100/40 

0.244 

2374 

770 

733 

86 

25/42 

0.074 

2631 

835 

893 

90 

50/46 

0.133 

2467 

736 

730 

87 

75/51 

0.181 

2284 

581 

650 

84 

100/56 

0.220 

1898 

552 

533 

80 

359 


Figure  1 - Sedigraph  Analyses  of  Filler  Parti- 
cle Sizes 


Figure  2 - Effect  of  Fillers  on  Low  Temperature 
Brittleness 


Figure  3 - Plasticizer  Compensation  for  Added 
Filler 


Figux-e  5 - Effect  of  Alumina  Trihydrate  on 
Melt  Flow 
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OXYGEN  INDEX  h-  MELT  FLOW  (MG/MIN) 


COATED  CALCIUM  CARBONATE 
A CONSTANT  LTB 
A CONSTANT  PLASTICIZER 


0 O.l  0.2  0.3 

FILLER  VOLUME  FRACTION 

jure  6 - Effect  of  Coated  Calcium  Carbonate 
on  Melt  Flow 


- ALUMINA  TRIHYDRATE 

x ■ CONSTANT  LTB 

25  _ a CONSTANT  PLASTICIZER 
COATED  CALCIUM  CARBONATE 
A CONSTANT  LTB 
A CONSTANT  PLASTICIZER 

0 I I I 

0 0.1  0.2  0.3 

FILLER  VOLUME  FRACTION 

Fiqure  8 - Effect  of  Filler  on  HC1  Absorption 


ALUMINA  TRIHYDRATE 
■ CONSTANT  LTB 
O CONSTANT  PLASTICIZER 
COATED  CALCIUM  CARBONATE 
A CONSTANT  LTB 
A CONSTANT  PLASTICIZER 


0.1  0 2 o.: 

FILLER  VOLUME  FRACTION 

Effect  of  Filler  on  Oxygen  Index 


ALUMNA  TRI HYDRATE 
□ CONSTANT  PLASTICIZER 
- ■ CONSTANT  LTB 

COATED  CALCIUM  CARBONATE 
A CONSTANT  PLASTICIZER 
. A CONSTANT  LTB 


0 01  0.2  03 

FILLER  VOLUME  FRACTION 

Figure  9 - Effect  of  Filler  on  Pound-Volume 
Cost 
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FLAME  RESISTANT  - LOW  SMOKE  CABLE  JACKET  DEVLOPMENTS 


by 

William  D.  Jones 
UNIROYAL  Chemical  Division 
UNIROYAL,  Inc. 

Naugatuck,  Connecticut  06770 


ABSTRACT 

Cables  with  the  combination  of  flame 
resistance  and  low  smoke  generation  properties 
are  required  in  many  applications.  UNIROYAL's 
Research  Center  has  developed  technology  to 
reduce  smoke  generation  while  maintaining 
flame  resistance.  This  paper  presents  the 
results  of  applying  this  technology  to 
thermosetting  cable  jackets.  jacket  compounds 
based  on  experimental  thermosetting  compounds 
are  presented.  Flame  resistance  and  smoke 
generation  were  judged  from  NBS  smoke  chamber, 
oxygen  index,  UL  44  flame  and  IEEE  383  flame 
tests  on  laboratory  compounds  and  jacketed 
cables.  Test  results  and  pictures  show  the 
low  smoke  generation  properties  of  these 
compounds . 


INTRODUCTION 

Experimental  thermosetting  polyblends 
and  polymers  were  developed  in  our  laboratory 
for  flame  resistance  and  low  smoke  generation 
properties.  They  can  be  compounded  with 
various  fillers,  plasticizers  and  cure  systems. 
Polyblend  combinations  and  the  types  of 
fillers,  plasticizers  and  cure  systems 
determine  the  flame,  smoke  generation, 
physical,  aging  and  mechanical  properties  of 
the  compound.  Flame  resistance  and  smoke 
generation  properties  of  experimental  poly- 
blends were  Judged  from  oxygen  index  and  NBS 
smoke  chamber  tests.  Oxygen  index  and  NBS 
smoke  density  (Dm)  values  of  Polymer  A and 
Polymer  B compounds  are  compared  to  chloro- 
prene,  chlorosulfonated  polyethylene  and 
nitrile/pVC  compounds  in  Table  I.  The  Dm 
values  are  from  3"  x 3"  x .075"  slabs  using 
the  flaming  exposure.  Although  these 
compounds  are  in  an  oxygen  index  range  which 
is  generally  regarded  to  be  flame  resistant, 
there  is  a wide  range  in  the  smoke  density 
(Dm)  values.  Chloroprene ' s smoke  density  was 
too  high  to  measure  in  our  test  unit. 
Chlorosulfonated  polyethylene  and  nitrile/PVC 
values  are  equal  within  experimental  error  and 
are  significantly  lower  than  the  chloroprene 
value.  These  Dn  values  are  consistent  with 
test  results  from  commercial  chloroprene, 
chlorosulfonated  polyethylene  and  nitrile/PVC 
compounds.  Dm  values  of  Polymer  A and  polymer 
B are  dramatically  lower  than  chloroprene  and 
are  35  and  60%  lower  than  chlorosulfonated 
polyethylene  and  NBR/PVC  values. 


TABLE  I 


Polymers 

Oxyqen  Index  % 

NBS  Dm 

Chloroprene 

31 

700+ 

Nitrile/pVC 

34 

450 

Chlorosulfonated 

polyethylene 

34 

420 

Polymer  A 

34 

300 

Polymer  B 

30 

180 

EFFECT  OF  COMPOUND  INGREDIENTS 
ON  SMOKE  DENSITY 


Fillers,  plasticizers  and  cure  systems, 
as  well  as  polymers,  determine  the  properties 
of  a compound.  Several  flame  retardant 
filler-additives  and  plasticizers  were 
evaluated  for  their  effect  on  smoke  generation. 

Fillers; 

Hydrated  aluminum  oxide  and  organohalogen 
materials  are  recommended  for  improved  flame 
resistance.  These  fillers  were  compared  to 
a hard  clay  in  an  NBR/pvC  formulation  (Table 
II).  Their  Dm  values  were  slightly  higher 
than  the  hard  clay  value  but  are  equal  within 
experimental  error.  They  did  not  improve 
the  oxygen  index  but  did  lower  tensile 
strength  values.  Hard  clay  is  the  best  choice 
on  a cost/perf ormance  basis. 


TABLE  II 


Hard 

Hydrated 

Aluminum 

Organo- 

Clay 

Oxide 

haloqen 

Smoke  Density  DM 

450 

480 

510 

Oxygen  Index  % 

34 

33 

32 

Tensile  Strength, 

psi 

2000 

1440 

1490 

.16? 


Plasticizers : 

Chlorinated  and  phosphate  plasticizers 
are  recommended  to  improve  flame  resistance. 
Dioctyl  phthalate  (DOP),  a general  purpose 
plasticizer,  was  compared  to  a DOP/chlorlnated 
paraffin  blend,  a DOP/phosphate  blend  and  tri- 
cresyl  phosphate  in  a pclyblend  compound.  The 
DOP/chlorinated  paraffin  blend  increased  the 
oxygen  index  and  reduced  smoke  density.  These 
phosphates  increased  the  oxygen  index  but  also 
increased  the  smoke  density.  Physical,  aging, 
flame,  smoke  generation  and  mechanical  require- 
ments will  determine  the  plasticizer  or  blend 
of  plasticizers  for  a compound.  Chlorinated 
paraffin  may  be  the  test  choice  for  flame 
resistance  and  smoke  generation  but  phosphates 
provide  better  heat  resistance  and  DOP  better 


Comparing  smoke  density  values  of  thin 
samples  to  thick  samples  can  lead  to  wrong 
conclusions.  Converting  Dm  values  of  thin 
and  thick  samples  to  a weigh;  bc_>is  can  lead 
to  an  opposite  conclusion.  Oui  data  indicate 
that  to  have  meaningful  Dm  values  for  compari- 
son, the  sample  •-hickness  shout-  he  standarized 
at  a thickness  beyond  the  "thermal  thickness" 
and  values  should  not  be  calculated  on  a weight 
basi s. 


FIGURE  1 


Dm  VS  THICKNESS 


low  temperature  properties. 

500 

TABLE  III 

400 

Dm 

NBS 

Oxygen 

300 

Plast ici zers 

Dm 

Index  % 

DOP 

350 

30 

200 

DOP/Chlor ina ted  paraffin 

300 

34 

Tricresyl  Phosphate 

38  0 

33 

100 

DOP/phosphate 

390 

32 

A - Dm 


B - Dm/10  g. 


. 05 

Inches 


SMOKE  DENSITY  VS  SAMPLE  THICKNESS 

Smoke  emission  is  affected  by  the  thick- 
ness of  the  material.  A significant  temperature 
gradient  would  be  expected  for  thicker  samples 
and  smoke  emission  could  be  expected  not  to 
increase  significantly  beyond  a certain  thick- 
ness. M.  I.  Jacobs1-  found  this  "thermal 
thickness"  is  approached  asymptotically  for 
some  materials. 

UBS  smoke  chamber  samples  are  usually 
3"  x 3"  slabs  but  the  thickness  varies.  To 
measure  the  thickness  effect  in  a typical 
cable  jacket  thickness  range,  3"  x 3"  x .030" 
to  .075"  slats  of  an  NBR/PVC  compound  were 
tested  in  the  NBS  chamber.  Dm  results.  Curve 
A,  in  Figure  1 increase  significantly  from 
.030"  to  .060"  but  tend  to  level  off.  The 
exposed  area  of  the  .030"  samples  burned  to 
ashes  but  the  .075"  sample  did  not  burn 
through. 

Our  data  agreed  with  M.  I.  Jacobs' 
conclusion.  Sample  thickness  is  an  important 
factor  when  reporting  or  comparing  smoke 
density  results. 

Some  smoke  density  values  are  reported  on 
a weight  basis,  usually  5 to  10  grams.  Curve 
B in  Figure  1 is  curve  A converted  to  a 10 
gram  basis.  These  data  would  lead  to  a con- 
clusion opposite  to  that  reached  from  Curve  A, 
i.e.  for  Curve  B smoke  density  decreases  with 
increasing  sample  thickness. 


CABLE  FLAME  TESTS 

Flame  resistance  and  smoke  generation 
properties  of  compounds  must  be  proven  in 
flame  tests  conducted  on  jacketed  cables. 

Polymer  A,  Polymer  B and  the  NBR/PVC  compounds 
in  Appendix  A were  selected  for  evaluation  in 
the  UL  44  vertical  and  IEEE  383  flame  tests. 

The  NBR/PVC  and  Polymer  A compounds  (A  and  B) 
meet  heavy  duty  oil  resistant  jacket  require- 
ments. Polymer  B compounds  (C  and  D)  meet 
medium  duty  general  purpose  jacket  requirements. 
Polymer  B compounds  (C  and  D)  are  the  same 
except  for  the  plasticizer  blend.  Both  com- 
pounds have  low  smoke  density  values  but  "D" 
has  a higher  oxygen  index  value.  These 
compounds  have  sulfur  cure  systems  because 
the  cables  were  pan  cured.  The  four  compounds 
were  extruded  on  these  cable  samples  for  flame 
testing: 

1.  No.  14  solid  tinned  copper  .047"  wall 

2.  Four  conductor  control  cable  (3  cond. 

No.  10  and  1 cond.  No.  9)  Cable  OD 
.720" 

No.  14  samples  passed  the  UL  44  vertical 
flame  test.  All  samples  had  fast  flame 
extinction  and  low  flame  propagation  (Table 
IV).  Flames  did  not  reach  the  paper  flag 
indicator. 
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TABLE  IV 


Visual  Observations 


UL  44  Vertical  Flame  Test 


No.  14  Sample 

Burn  time,  seconds 
after  application 

1 

2 

3 

4 


Flag,  % burn 


1 1 
1 1 
0 0 
0 0 
0 0 
0 0 


0 0 

0 0 

1 43 

1 0 

1 0 

0 0 


Pass  Test 


yes  yes  yes  yes 


Minutes 

Cpd  A 
NBR/PVC 

Cpd  B 
Poly  A 

Cpd  C 
Poly  B 

Cpd 

Poly 

3 

no 

yes 

yes 

yes 

6 

no 

no 

yes 

yes 

12 

yes 

yes 

20 

yes 

yes 

* 

Read  chart  after  burning 


The  four  control  cables  passed  the  IEEE 
383  flame  test.  Cable  A and  Cable  B (Polymer 
A)  had  good  flame  resistance  but  the  cables 
with  compounds  C and  D (Polymer  B)  had 
exceptional  flame  resistance.  The  total 
visual  damage  of  Cables  C and  D was  22  and  25 
inches  compared  to  36  inches  for  Cable  B and 
61  inches  for  Cable  A.  Low  flame  propagation 
is  shown  by  the  pictures  taken  after  the  test 
and  the  low  thermocouple  reading  taken  from 
two  to  eight  feet  above  the  flame.  Test 
results  reported  in  Appendix  B.  As  this  test 
measures  the  flame  resistance  of  the  complete 
cable,  the  insulation,  core  assembly  and  the 
jacket  roust  be  flame  resistant. 

The  U.S.  Navy  Ship  Research  Center  (NSRDC) 
confirmed  our  results  on  Cable  B and  Cable  C 
in  their  IEEE  383  flame  test. 

Smoke  generation  during  the  IEEE  383  test 
was  judged  by  pictures  and  visual  observation 
of  a doctor's  eye  chart  through  the  test  cham- 
ber window.  The  chart  was  six  feet  from  the 
window.  The  smoke  exhaust  fan  was  shut  off 
during  the  test. 

Lower  smoke  generation  of  Cable  B (Polymer 
A)  and  Cables  C and  D (Polymer  B),  especially 
Cables  C and  D,  was  quite  obvious.  After  three 
minutes  of  burning  Cable  A (NBR/PVC),  I could 
not  read  the  eye  chart.  After  three  minutes  of 
burning  Cable  B (Polymer  A),  I could  read  the 
chart  but  could  not  read  the  chart  after  six 
minutes.  During  the  burning  of  Cables  C and  D 
(Polymer  B),  I could  read  the  small  print  on 
the  chart  to  the  end  of  this  20-minute  test. 
Pictures  A3,  B3,  C3,  C20,  D3  and  D20  show  the 
improved  visibility  with  Polymer  B compounds. 
This  low  smoke  generation  was  noted  during  the 
NSRDC  IEEE  3e3  test. 


CONCLUS  ION 


These  experimental  polymer  compounds 
have  good  flame  resistance  and  low  smoke 
generation  properties.  The  Polymer  A compound 
combines  these  properties  with  good  ozone  and 
oil  resistance.  Polymer  B compounds  offer 
the  best  flame  resistance  and  lowest  smoke 
generation  with  good  ozone  and  low  temperature 
properties.  Polymer  B compounds  are  not 
recommended  for  applications  that  require 
oil  immersion  but  the  oil  resistance  should 
be  satisfactory  for  many  applications. 


The  properties  of  these  compounds  will 
vary  with  the  type  of  polyblend,  polymer, 
fillers,  plasticizers  and  cure  systems.  These 
thermosetting  compounds  will  process  on  stan- 
dard production  equipment  and  are  being 
evaluated  for  cable  insulation,  hose  and 
mechanical  goods  applications. 
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APPENDIX  A 


Compound 

A 

B 

Compound 

C 

D 

NBR/PVC 

100.  0 

_ 

Polymber  B 

125.0 

125.0 

Polymer  A 

- 

125.0 

Black  N550 

110.0 

10.0 

Black  N550 

25.  0 

25.  0 

Hydrated  silica 

20.0 

20.0 

Hard  Clay 

70.0 

70.0 

Hard  Clay 

50.0 

50.0 

Zinc  Oxide 

3.0 

3.0 

Litharge 

0.0 

8.0 

Antimony  Oxide 

5.0 

5.0 

Antimony  Oxide 

5.0 

5.0 

Antioxidant 

1.0 

1.0 

Antioxidant 

1.0 

1.0 

Dloctyl  pthalate 

10.0 

10.0 

Stearic  Acid 

1.0 

1.0 

Chlorinated  paraffin 

20.0 

20.0 

CBS 

1.0 

1.0 

Stearic  Acid 

1.0 

1.0 

BOD ITS 

1.5 

1.5 

Lead  Stabilizer 

3.0 

3.0 

ZODIDC 

1.0 

1.0 

MBTS 

2.5 

2.5 

Sulfur 

2.0 

2.0 

TCTDS 

1.5 

1.5 

Paraffinic  Oil 

10.0 

- 

TETDS 

1.5 

1.5 

Chlorinated  Paraffin 

- 

25.0 

Sulfur 

.5 

.5 

phosphate  Plasticizer 

10.0 

10.0 

NBS  Dm 

490 

350 

NBS  Dm 

260 

220 

Oxygen  Index,  % 

35 

35 

Oxygen  Index,  % 

28 

35 

Physical  Properties 

Physical  Properties 

Tensile  Strength,  psi 

2100 

1850 

Tensile  Strength,  psi 

1660 

1500 

Elongation,  X 

390 

325 

Elongation,  % 

490 

475 

M200X,  psl 

1290 

1390 

M200X,  psi 

510 

430 

Shore  A 

77 

83 

Shore  A 

77 

71 

SUPPLIERS 


Material 

TRADE  NAME 

Supplier 

Nitrile/pvc 

PARACRIL®  OZO 

UNIROYAL  CHEMICAL 

Chloroprene 

Neoprene 

E.  I.  duPont 

Chlorosulf onated  Polyethylene 

Hypalon 

E.  I.  duPont 

Antioxidant 

OCTAM INE® 

UNIROYAL  CHEMICAL 

Antioxidant 

AM  IN  OX® 

UNIROYAL  CHEMICAL 

Lead  Stabilizer 

Dyphos 

National  Lead  Company 

TWTDS 

TO  EX® 

UNIROYAL  CHEMICAL 

TETDS 

Ethyl  TOEX® 

UNIROYAL  CHEMICAL 

Chlorinated  paraffin 

Chlorowax  40 

Diamond  Alkali  Company 

Phosphate  Plasticizer 

Santicizer  140 

Monsanto  Chemical  Company 

Hydrated  Silica 

H1S11  215 

PPG  Industries 

Hard  Clay 

Suprex  Clay 

J.  M.  Huber 

CBS 

DELAC®  S 

UNIROYAL  CHEMICAL 

BOD  ITS 

ROYALAC®  139 

UNIROYAL  CHEMICAL 

ZODIDC 

ROYALAC®  140 

UNIROYAL  CHEMICAL 
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APPENDIX  B 

IEEE  383  FLAME  TEST  DATA 


Cable  size 
Number  of  cables 
Gas 

Flame  length 
Flame  time 
BTUs 

Nitr ile/PVC  Jacket  * Compou 
Did  cable  pass  test? 

Length  of  visual  damage- 
Burn  time  after  removal  of 


Four  conductor  OD  - 0.720  inches 

6x8  feet 

Propane 

15  inches 

20  minutes 

70,000 

id  A 

Yes 

61  inches 
lame  - 0 seconds 


Thermocouple  Location  Readings  °F 


1. 

Flame  Start  

1462 

1 min.  1172 

6 min.  1432  11  min. 

1378 

16  min. 

1456 

2 min.  1166 

7 min.  1422  12  min. 

1395 

17  min. 

1496 

3 min.  1175 

8 min.  1363  13  min. 

1409 

18  min. 

1512 

4 min.  1229 

9 rain.  1349  14  min. 

1419 

19  min. 

1499 

5 min.  1329 

10  min.  1378  15  min. 

1411 

20  min. 

1487 

Start 

5 min.  10 

min. 

15  min. 

20  min. 

2. 

2'  abo  ve  flame 

78 

1287 

1282 

867 

729 

3. 

4'  above  flame 

91 

337 

417 

1068 

354 

4. 

6'  above  flame 

97 

265 

307 

630 

267 

5. 

8'  above  flame 

106 

185 

206 

288 

195 

Pol 

vmer  B Jacket  - 

Compound  B 

Did 

cable  pass  test? 

Yes 

Length  of  visual  damage 

Burn  time  after  removal  of  flame- 


36  inches 
30  seconds 


Thermocouple  Location  Readings  °F 
1.  Flame  Start  1450 


1 

min. 

1411 

6 min. 

1454 

11 

min.  1474 

16  min. 

1471 

2 

min. 

1440 

7 min. 

1447 

12 

min.  1473 

17  min. 

1470 

3 

min. 

1475 

8 min. 

1446 

13 

min.  1460 

18  min. 

1472 

4 

min. 

1475 

9 min. 

1446 

14 

min.  1469 

19  min. 

1477 

5 

min. 

1478 

10  min. 

1465 

15 

min.  1468 

20  min. 

1486 

Start 

5 min. 

10  min. 

15  min. 

20  min. 

2. 

2 1 

1 above 

flame 

85 

1089 

1165 

1307 

1261 

3. 

4' 

1 above 

flame 

99 

268 

309 

445 

338 

4. 

6' 

above 

f 1 ame 

112 

206 

225 

260 

223 

5. 

8' 

1 above 

flame 

119 

164 

178 

204 

187 
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appendix  b 


( continued ) 


Polymer  B Jacket  - Compound  C 

Did  cable  pass  test? 

Length  of  visual  damage 

Burn  time  after  removal  of  flame  - 

Thermocouple  Location  Readings  °F 

1 


Yes 

22  inches 
11  seconds 


2. 

3. 

4. 

5. 


Flame  Start 

1430 

1 

min.  1213 

6 min. 

1201 

11 

min. 

1272 

16  min. 

1285 

2 

min.  1154 

7 min. 

1229 

12 

min. 

1277 

17  min. 

1304 

3 

min.  1171 

8 min. 

1237 

13 

min. 

1275 

18  min. 

1299 

4 

min.  1178 

9 min. 

1248 

14 

min. 

12  79 

19  min. 

1294 

5 

min.  1193 

10  min. 

1265 

15 

min. 

1283 

20  min. 

1293 

Start 

5 min. 

10 

min. 

15  min. 

20  min. 

2' 

1 above  flame 

100 

451 

465 

484 

510 

4 1 

1 above  flame 

113 

243 

258 

272 

272 

6' 

1 above  flame 

121 

211 

222 

229 

231 

8' 

1 above  flame 

131 

167 

175 

183 

184 

Polymer  B Jacket  - Compound  D 

Did  cable  pass  test? 

Length  of  visual  damage 

Burn  time  after  removal  of  flame- 

Thermocouple  Location  Readings  °F 


Flame  Start 


1425 


Yes 

25  inches 
0 seconds 


1 min.  1373 

6 

min. 

1165 

11 

min. 

1206 

16  min. 

1205 

2 min.  1224 

7 

min. 

1170 

12 

min. 

1207 

17  min. 

1215 

3 min.  1195 

8 

min. 

1177 

13 

min. 

1205 

18  min. 

1210 

4 min.  1179 

9 

min. 

1192 

14 

min. 

1203 

19  min. 

1211 

5 min.  1171 

10 

min. 

1205 

15 

min. 

1204 

20  min. 

1211 

Start 

5 

min. 

10. 

min. 

15  min.  20 

min. 

2. 

2'  above  flame 

97 

616 

657 

650 

651 

3. 

4'  above  flame 

112 

284 

299 

315 

314 

4. 

6'  above  flame 

121 

242 

246 

257 

259 

5. 

8'  above  flame 

131 

177 

189 

196 

198 

Data  extracted  from  the  Kerite  Company  test  reports. 
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PLASTIC  INSULATING  OF  TELEPHONE  CONDUCTORS  AT  10,000  TO  15,000  FPM 


A.  Cueto 


M.  Cubero  A.  Garvalena 


Cables  de  Comunicac iones , S.A. 
Zaragoza,  Spain 


1 . SUMMARY 

Most  of  us  recall  when  the  so-called  high 
ipeed  insulating  lines  were  running  at  some- 
thing like  1000  FPM.  The  advancements  in  the 
past  few  years  have  been  spectacular  and  pres- 
ently there  are  lines  operating  at  speeds  of 
6500  to  8000  FPM.  The  race  for  ultra  high 
performance  continues  and  recent  papers  have 
discussed  speeds  of  10000  FPM  and  the  problems 
arising  from  physical  laws  and  limitations 
which  place  a practical  limit  on  further  ad- 
vancement . 

There  is  no  question  that  such  insulating 
speeds  are  extremely  difficult  to  obtain  on  a 
day  in  day  out  basis  in  production. 

Ultra  high  speeds  place  a high  premium 
upon  raw  materials,  equipment  and  the  people 
who  operate  and  maintain  the  machines. 

The  authors  therefore  have  been  experi- 
menting with  alternative  methods  which  would 
not  be  dependant  upon  sheer  speed  and  its  many 
limiting  factors.  As  a result  of  these  studi- 
es a successful  method  was  developed  for  insu- 
lating two  wires  simultaneously  in  the  same 
line  at  "normal"  speeds,  thereby  doubling  out- 
put without  the  attendant  problems  normally 
related  to  an  increase  of  this  magnitude. 

The  paper  discusses  the  prototype  two  con- 
ductor line  itself  and  the  problems  associated 
with  ultra  high  insulating  speeds.  A photo- 
graph of  the  "heart"  of  the  prototype  line  is 
shown  below. 


fig.  I 

Cloieup  view  o(  double  conductor  cAoiihead 
insulating  two  tu cam  o<  0.64  m I ll  AWG) 

2.  PROBLEMS  RELATED  TO  SPEED 


The  problems  related  to  ultra  high  speed 
have  been  discussed  in  detail  by  many  authors. 
Although  our  initial  objective  was  to  increase 
output  without  changing  speeds,  the  following 
summary  of  speed  related  problems  is  an 


important  consideration  to  determine  the  ulti- 
mate potential  of  the  two  conductor  insulating 
1 ine . 

2 . 1 Wire  Drawing,  Annealing 

Incorporation  of  the  wire  drawing  and  an- 
nealing process  on  a tandem  basis  with  insu- 
lating is  the  most  common  arrangement  in  mod- 
ern installations.  Wire  drawing  and  annealing 
are  the  cause  of  up  to  701  of  the  downtime  ex- 
perienced in  this  process.  Die  alignment,  die 
design  and/or  condition,  drawing  solution, 
cones,  etc.,  are  critical  factors  which  can 
cause  wire  breaks,  however,  the  raw  material 
itself  is  the  principal  source  of  most  breaks. 

While  wire  drawing  equipment  is  available 
which  can  operate  at  speeds  up  to  12000  FPM, 
the  uncertainty  regarding  the  quality  of  the 
raw  materials  and  other  limitations  which  will 
be  discussed  later  make  it  difficult  to  take 
advantage  of  such  speeds  when  operating  on  a 
tandem  basis. 

Resistance  annealing  has  inherent  limita- 
tions which  are  primarily  the  result  of  cen- 
trifugal force  (fig.  2).  Since  centrifugal 
force  is  a function  of  speed,  this  also  limits 
the  drawing-annealing  portion  of  the  line  to 
about  12000  FPM. 


fig.  2 

Mechanical  strength  of  coppeA  at  various  <em- 
penatuAes  and  uiiAe  tension  due  to 
ceMtAi(,ugal  tfoAce 

2 . 2 Dual  Flyer  Cones 

In  the  case  of  the  two  conductor  line  it 
is  impractical  to  install  two  drawing  machines 
and  annealers  especially  where  one  must  expect 
an  average  of  up  to  2 wire  breaks  per  1000  lbs 
of  drawn  wire  in  finer  sizes. 

The  alternative  is  to  use  dual  flyeT 
(flip  cones)  for  each  wire.  Operating  in  this 
manner  the  defects  have  largely  been  eliminat- 
ed at  wire  drawing.  The  conductor  is  already 
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2 . 4  Cool  in; 


I 

i 


i 


annealed  and  any  wire  breaks  will  require  a 
fraction  of  the  time  which  is  required  to 
string  up  a drawing  machine  before  the  line 
can  be  restarted. 

Furthermore,  keeping  in  mind  the  factor  of 
cnteaieience  (i.e.  downtime  of  both  conductors 
where  only  one  is  broken)  all  steps  must  be 
taken  towards  eliminating  duplicate  installa- 
tions and  additional  sources  for  problems  and 
downt ime . 

With  dual  flyers  one  must  accept  the  fact 
that  changeovers  at  speeds  above  approximately 
4000-8S00  FPM  are  unreliable. 

Recent  dual  flyer  designs  however  claim 
8000-8S00  FPM. 

2.3  Extrusion 


Plastics  extrusion  experts  are  always 
seeking  an  equilibrium  between  three  factors: 
output,  quality  and  low  temperature.  Output 
is  measured  in  volumn  or  weight  extruded  per 
hour.  In  the  case  of  telephone  wire  insulat- 
ing the  cross  sectional  restriction  of  flow 
reduces  this  output.  Quality  is  a product  of 
suitable  raw  materials  and  a smooth,  homoge- 
neous and  regular  extrusion.  In  order  to  in- 
crease speeds  (and  output)  with  a given  ex- 
truder design,  one  must  increase  the  RPM  of 
the  screw.  Increasing  the  revolutions  of  the 
screw  will  elevate  temperatures  and  can  affect 
the  quality  of  the  product.  Therefore,  it  is 
obvious  that  a lack  of  equilibrium  between  the 
three  factors  can  negatively  affect  the  quali- 
ty of  the  end  product. 

Another  primary  consideration  in  the  ex- 
trusion process  with  respect  to  speed  is  the 
crosshead.  As  an  oversimplification,  the  ex- 
trusion process  in  telephone  singles  can  be 
described  as  pulling  a fragile  wire  through  a 
puddle  of  molten  plastic  at  high  speeds.  De- 
spite divergent  opinions  in  the  various  papers 
which  have  been  published  in  the  past  concern- 
ing design,  ideal  pressure,  etc.,  all  agree 
that  wire  back  tension  increases  considerably 
as  line  speed  is  increased.  The  order  of  in- 
crease has  often  been  reported  at  about  701  to 
1001  in  a speed  increase  from  3300  to  10000  FPM 

A typical  graph  showing  the  increased  back 
tension  and  elastic  limits  of  copper  wire  is 
shown  in  figure  3. 

0.406mm  (22AWG) 


SPEED  IN  THOUSANDS  OF  FPM 

Hg.  3 

(tit At  back  tension  in  the.  cAoahead  at  di^eAent 
ipeedi  and  ti/niti  o < 0.40 5 mm  (26  AWG)  uiiAe 


Early  attempts  to  increase  insulating 
speeds  often  encountered  wire  pull  down  in  the 
cooling  area  because  the  insulated  conductor 
will  pull  a "column  of  water”  along  with  it  in 
a conventional  trough.  As  speeds  increased  to 
the  current  levels  wire  back  tension  reached 
critical  limits  and  new  designs  of  cooling 
troughs  have  become  a necessity.  Improperly 
cooled  insulated  wire  will  later  shrink  while 
on  the  bobbin  and  render  it  almost  impossible 
to  pay  off  or  rewind.  Since  the  cooling  phe- 
nomenon requires  a specific  constant  time  re- 
gardless of  speed  (see  figure  4),  lengthening 
of  water  troughs  must  be  considered  in  any  in- 
crease of  lineal  output.  The  length  require- 
ment in  turn  also  poses  problems  in  regard  to 
available  space  and  the  most  common  solution 
has  been  multi-loop  troughs.  As  is  usually 
the  case  in  any  such  development,  eventually 
the  multi-loop  troughs  also  led  to  problems 
with  wire  tension  and  wire  stretching  due  to 
friction  caused  by  the  pulleys. 

While  all  of  the  above  problems  have  al- 
ready been  solved,  we  are  still  faced  with  the 
familiar  problem  of  centrifugal  force  and  the 
increased  wire  tensions  necessary  to  overcome 
it.  The  speed  limitation  in  the  cooling  por- 
tion is  therefore  in  the  order  of  approxima- 
tely 12000  FPM. 

COOUNQ  OF  0.64  MM  (22  AIM})  WITH  00  FOOT  LONG 

WATER  THOUGH 


TEMPERATURE  (C*)  CONDUCTOR  AT  WOOLS* 


ftg.  4 

I Mutation  CooLing  CuA\ju 

2 . 5 Capstan 

Most  capstan  models  are  capable  of  operat- 
ing at  speeds  similar  to  the  limits  we  have 
discussed  for  wire  drawing,  etc.  Some  equip- 
ment suppliers  however  have  combined  the  cap- 
stan unit  into  the  multi-loop  portion  of  the 
water  trough  to  reduce  the  overall  number  of 
pulleys  and  loops  required  in  the  line. 

2 . 6 Spool ing 

The  modern  automatic  dual  parallel  shaft 
spooler  is  one  of  the  most  complex  production 
units  in  the  cable  industry.  While  great  ad- 
vancements have  been  made  in  their  design  and 
reliability,  this  equipment,  next  to  wire 
drawing,  produces  most  of  the  incidences  of 
downtime.  Usually  the  cause  of  this  downtime 
is  due  to  missed  crossovers. 

The  theoretical  maximum  speed  for  spoolers 
is  approximately  13000  FPM  resulting  from  the 
now  familiar  problem  of  centrifugal  force. 
However  the  spooler  has  a further  limitation 
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of  10000-12000  FPM  at  crossover  due  to  a per- 
pendicular acceleration  phenomenon. 

2 .  T Summary 

The  information  discussed  previously  is 
summarized  in  figure  S which  establishes  that 
the  limitation  of  a tandem  insulating  line  is 
theoretically  10000  FPM  during  crossovers  and 
up  to  approximately  12000  FPM  at  other  times. 
More  important  than  speed  is,  of  course,  the 
total  output  of  the  process.  It  is  possible 
that  at  higher  speeds  reliability  factors  and 
raw  materials  limitations  will  cause  increases 
in  downtime  which  serve  to  offset  such  im- 
provements in  lineal  speed.  Authors  A.  Riek- 
kinens  and  R.  Ekholm-^  (24th  IWCS)  point  out 
that  speeds  to  10000  FPM  are  achievable  but 
suggest  that  it  may  be  advantageous  to  reduce 
line  speed  to  8200  FPM  so  that  the  crossover 
in  the  spooler  does  not  take  place  too  close 
to  the  critical  speed  range.  They  state  that 
higher  speeds  in  the  order  of  11500  FPM  seem 
hardly  achievable  due  to  physical  limitations 
in  annealing,  spooling  and  wire  tensions. 
Therefore,  they  suggest  that  it  is  more  impor- 
tant to  concentrate  on  improving  the  overall 
reliability  of  the  line  in  the  speed  range  of 
6500-8200  FPM  than  to  strive  for  maximum  theo- 
retical speed. 

3.  AN  ALTERNATIVE  SOLUTION 

Assuming  one  can  insulate  two  conductors 
simultaneously  on  a single  line  then  the  line- 
al speed  required  to  match  the  maximum  theo- 
retical speed  of  prototype  lines  under  current 
development  is  only  5000-6000  FPM.  We  have 
already  seen  that  such  speeds  are  now  common- 
place in  the  industry  and  it  is  generally 
agreed  that  reasonably  high  reliability  and 
corresponding  net  output  in  production  condi- 
tion can  theoretically  be  obtained  for  speeds 
of  approximately  8000  FPM  with  the  flyer  cones 
as  the  primary  limitation. 


In  such  an  installation,  each  of  the  two 
conductors  can  operate  well  within  the  safe 
limits  of  physical  laws  which  limit  further 
speed  gains. 

In  principle,  there  are  other  gains  to  be 
realized  which  are  summarized  in  the  following 
list: 

- Requires  less  floor  space  (see  fig. 6). 

- Reduction  of  energy  and  manufacturing 
expenses  (electric,  water,  etc.). 

- labor  costs  are  substantially  reduced. 

- Reliability  can  exceed  that  of  ultra 
high  speed  lines  i.e.  10000  FPM  or  more. 

- Output  per  extruder,  which  is  a problem 
in  telephone  conductors  insulating  due 
to  its  thin  wall  application,  is  in- 
creased . 

- Capital  outlays  for  such  installations 
are  greatly  reduced  since  the  extruder, 
capstan,  water  trough,  etc.,  are  common 
for  both  wires. 

4.  PROTOTYPE  DOUBLE  INSULATING  LINE 
4 . 1 Flyer  Cones 

To  save  space,  two  sets  of  dual  flyer 
cones  were  fabricated  in  "piggy-back"  fashion 
(see  figure  7).  This  particular  unit  has  a 
speed  limitation  of  5000-6000  FPM.  To  operate 
at  higher  speeds  this  component  of  the  proto- 
type line  must  be  substituted  for  a commer- 
cially available  proven  design. 

4 . 2 Wire  Preheat 

A simple  resistance  wire  preheater  was 
fabricated  in  the  shop.  Because  of  delivery 
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The  Double  Insulating  Line  - An  Alternative  Solution 
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lead  times  it  was  not  possible  to  obtain  a 
commercially  available  model  in  time  for  the 
trials.  In  addition  to  an  effective  preheat 
limit  of  about  50011  FPM  the  unit  is  adjustable 
only  via  a variable  transformer  on  a manual 
has i s . 


Fig.  7 

Photograph  o(j  two  dual  flyers  installed 
"piggy-back"  fashion 


4 . 5 Water  Trough 

To  avoid  the  problems  discussed  in  section 
2.4,  a spray  cooling  system  was  installed.  Two 
tiers  were  employed  to  adequately  initiate  the 
cooling  of  each  conductor  during  the  first 
third  of  the  trough.  At  this  point  both  wires 
come  together  and  are  cooled  in  a common  sys- 
tem (sec  figure  8)  . 

The  cooling  system  consists  of  short  "V" 
sections  with  closely  spaced  holes  in  the  val- 
ley which  allows  water  to  bubble  upwards  under 
the  insulated  conductor.  Spray  heads  are  in- 
stalled above  the  troughs  and  are  oriented  in 
the  same  direction  as  the  wire  travels  (see 
figure  9) . 

The  final  cooling  is  a multi-pass  system 
with  a helper  capstan  unit.  Four  to  six  loops 
are  usually  made  around  the  drum  type  capstan 
and  cooling  is  obtained  in  two  short  lateral 
troughs  (see  figure  10). 

The  cooling  portion  of  the  prototype  line 
was  effective  and  should  be  adequate  up  to 
speeds  of  10000  FPM  or  more  in  the  case  of  the 
smaller  gauges. 

4 . 4 Capstan 

The  main  capstan  is  a belt  type  which  has 
been  found  to  be  the  most  effective  for  two 
conductor  pulling.  At  the  exit  end  of  the 
capstan  the  individual  wires  are  oriented  to- 
wards each  spooler  with  directional  sheaves 
(see  figure  11). 

4 . 5 Spool ing 

Two  dual,  automatic,  parallel  shaft  take- 
ups  were  used.  These  particular  takeups  have 
a design  speed  limitation  of  S000  FPM  which, 
along  with  the  flyers  and  conductor  preheater, 
were  the  principal  speed  limitations  of  the 
prototype  line.  However,  speed  trials  were 
carried  out  up  to  6500  FPM  to  develop  the  nec- 
essary data. 

A practical  consideration  of  high  speed 
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Fig.  S 

Photograph  of,  water  trough  weth  two  initial 
coating  levels 


Fig.  9 

Drawing  showing  modified  spray  coating  method 


Fig.  10 

Photograph  o(  hetper  capstan  coo  ting  trough 


Fig.  11 

Photograph  o^  the  caps  tan  ihowicng  directional 
sheaves.  Individual  sparkers  and  diameter  con 
trot  units  can  be  observed  in  the  background 
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operation  is  bobbin  unbalances.  These  can  be 
the  result  of  the  bobbin  itself  or  of  the  lev- 
el winding  unit  in  the  spooler.  The  level 
winding  must  be  nearly  perfect  to  avoid  peaks 
and  valleys  which  often  will  Tesult  in  a 
"loping”  effect  due  to  the  uneven  distribution 
of  the  mass  of  insulated  conductor  in  the  bob- 
bin. In  addition  to  the  excessive  vibration 
which  can  take  place,  the  spooler  must  rapidly 
accelerate  and  decelerate  as  it  encounters 
peaks  and  valleys  in  the  bobbin  package.  Small 
differences  in  the  dimensions  of  the  spools 
can  also  cause  this  condition  as  the  traverse 
stops  must  be  readjusted  with  each  bobbin. 


D Surface  smoothness  and  general  appear- 
ance levels  should  be  equal  to  normal 
production . 

E Back  tension  on  the  conductor  passing 
through  the  head  should  be  comparable 
to  that  which  exists  in  conventional 
insulating  lines. 

The  final  head  design  is  shown  schemati- 
cally in  fig.  14  and  a photograph  of  the  cross- 
head in  operation  can  be  seen  in  figure  1.  The 
results  of  the  trials  were  successful  and  the 
objectives  stated  above  have  been  achieved. 


4 . 6 Diameter  Monitoring  Equipment 

Normally,  the  tandem  insulating  lines  have 
been  operated  in  our  plant  in  the  automatic 
diameter  mode.  That  is,  the  optical  diameter 
monitor  measures  the  insulated  conductor  and 
automatically  regulates  the  line  to  obtain  the 
desired  diameter.  With  the  prototype  line  two 
monitors  were  used,  one  for  each  conductor 
(see  figure  11).  Obviously,  both  monitor  units 
cannot  be  set  to  control  the  line  as  the  nec- 
essary regulation  may  be  diametrically  opposed. 
Therefore,  the  units  were  used  as  displays 
only  and  operator  attention  was  required  to 
ensure  that  the  "smallest  conductor"  was  with- 
in the  specifications.  A means  of  doing  this 
automatically  is  under  study.  Nevertheless, 
dimensional  differences  between  the  two  insu- 
lated conductors  did  not  present  any  difficul- 
ty in  practice  as  is  discussed  in  section  S. 

4.7  Extrusion 


Whereas  extrusion  would  normally  be  des- 
cribed earlier  in  a report  of  this  type,  in 
this  case  we  have  left  it  for  last  for  obvious 
reasons . 

The  extruder  crosshead  is  clearly  the  most 
novel  and  critical  element  in  the  subject  line. 

The  extruder  utilized  in  this  line  is  a 
stock  model  and  in  reality  happens  to  be  the 
only  one  which  could  be  released  from  produc- 
tion to  conduct  trials.  It  was  by  no  means 
special  in  any  sense. 

The  crosshead,  however,  is  a different 
matter.  Over  the  past  three  years  three  dif- 
ferent concepts  have  been  tried  each  with  nu- 
merous modifications  before  arriving  at  the 
present  design  (see  figures  1 and  14). 

The  objectives  which  were  established  for 
the  design  of  the  head  were: 

A Should  be  interchangeable  with  other 
crossheads  in  the  plant  to  facilitate 
the  application  of  this  development  to 
other  existing  lines. 

B Cartridges  with  selfcentering  tips  and 
dies  would  be  used  to  speed  changes  and 
reduce  variables  and  operator  error. 
Preferably  they  should  be  interchange- 
able with  those  in  the  "conventional" 
tandem  lines. 

C Quality  requirements  with  regard  to 
diameters,  eccentricity,  etc.  should  be 
met  with  the  same  order  of  tolerances 
obtained  on  single  conductor  lines. 


As  stated  previously,  the  output  of  an  ex- 
truder in  this  type  of  application  is  re- 
stricted by  the  small  cross  section  of  thin 
wall  telephone  conductor  insulation  (see  fig- 
ure 12). 


TYPICAL  80  mm.  (3.10  EXTRUDER  OUTPUT 


Fig.  n 

Typical  graph  showing  output  obtained  by  an 
SO  rm  extxuden..  field  III  represents  the 
extrusion  of,  tnraJU  cross  sections  at 
high  tpeed.  field*  I S II  nepneient 
application*  o{  successively  higher 
cross  iectlon  extnution 

From  the  above  it  is  apparent  that  with 
the  twc  conductor  head  we  increase  the  cross 
seccion,  reduce  output  constriction  and  get 
some  "free"  additional  output  (see  below). 
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UNE  UNEAL  SPEED  IN  METERS  PER  MM. 

fig.  13 

Gaaph  showing  peAfovnance  comparison  otf  an 
SO  rm  extAudeA  operating  with  tingle  and 
double  0.64  rm  (22  AUG)  conductors 

The  above  data  provides  the  basis  for  some 
interesting  observations  concerning  facilities 
utilization.  It  is  well  known  that  the  selec- 
tion of  an  extruder  for  high  speed  insulating 
is  a "compromise"  decision.  If  one  purchases 
a small  extruder  the  effective  utilization 
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with  smaller  gauges  is  good,  however,  output 
with  the  larger  gauges  is  extremely  low.  If 
one  selects  a larger  extruder  the  production 
output  of  larger  gauges  is  improved  but  one 
finds  that  he  is  using  only  a fraction  of  the 
installed  capacity  with  the  smaller  gauges 
keeping  in  mind  that  theoretically  a lineal 
speed  of  25000  PPM  would  he  needed  to  operate 
at  100%.  As  we  have  seen,  these  speeds  are 
impossible  to  achieve  giving  rise  to  a situa- 
tion whereby  manufacturers  are  utilizing  per- 
haps half  of  their  installed  capacity  depend- 
ing on  product  mix.  The  two  conductor  concept 
not  only  provides  some  "free"  additional  out- 
put but  also  permits  a theoretical  utilization 
of  nearly  all  of  the  installed  capacity. 

An  initial  area  of  concern  was  the  wire 
back  tension  in  the  head.  In  practice,  how- 
ever, this  has  posed  no  problem  whatsoever. 

The  back  tension  recorded  for  the  two  conduc- 
tor line  is  quite  similar  to  that  experienced 
with  conventional  single  wire  lines.  (Fig. 15) 


can  be  extruded  with  equal  success.  Logical- 
ly, foam  extrusion  should  present  additional 
problems  which  will  be  evaluated  with  respect 
to  feasibility  at  a later  date. 


fig . 1 6 

Ctoseup  of  cnosshead  tooting 


MAIN  H EAV  BOVV 
ENTRANCE  EXTRUVATE 


2 COLLAR  HEAP  CLAMP 
4 PEED  CHANNEL  TO  CARTRJVGE 
5 RECEPTACLE/CARTRIDGE  6 RETAINER  BOLT/CARTRIDGE 
i RESISTANCE 
THERMOCOUPLE 


7 FI0W  REGULATION 


fig.  14 

Schematic  drawing  of  doubte  wile  caosshead 

BACK  TENSION  0 64mm(22AWG) 


SPEED  IN  THOUSANDS  Of  FPM 

fig.  15 

Back  tension  at  oaxiious  speeds  foa  one  and  two 
conductor  caoss  heads 

With  a two  conductor  crosshead  a far 
treater  se.nsitivity  to  leveling  of  the  cross- 
road during  installation  was  noted  than  with 
onventional  extrusion. 

Thus  far,  work  has  been  restricted  to 
lid  PF.  although  indications  exist  that  PVC 


5.  RESULTS  OF  TRIALS 

Although  the  concept  has  been  in  develop- 
ment for  over  three  years,  the  trials  reported 
in  this  paper  were  conducted  over  the  previous 
8 months.  During  the  latter  part  of  this  pe- 
riod, the  line,  having  performed  successfully, 
was  released  for  production  and  scheduled  as 
any  other  insulating  line  in  the  plant.  While 
this  increased  the  data  which  could  be  collect- 
ed, it  also  restricted  the  possibilites  of 
improving  some  components. 

5 . 1 Qua  1 i ty 

This  factor  is  perhaps  the  most  important 
consideration  in  this  project  towards  determi- 
ning if  the  two  conductor  insulating  line  is  a 
practical  alternative  to  conventional  single 
wire  installations.  The  following  data  should 
clear  up  any  questions  in  regard  to  quality. 


fig- 

Eccentricity  characteristics  of  the  two  conduc- 
tor (A68I  produced  simut  taneousCy  on  flic  two 
conductor  tine  at  various  ipeedi  comparted 
with  specified  Limits 

The  differences  in  the  wall  thickness  of 
the  two  conductors  insulated  simultaneously  is 
comparable  to  the  best  results  obtained  in 
conventional  tandem  lines  producing  the  same 
gauge.  In  fact,  the  tendency  of  the  two  wire 
line  was  for  the  two  conductors  to  become 
"more  identical"  dimensionally  as  speeds  were 
increased . 
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SPEED  IN  THOUSANDS  OF  FPM 

Ug.  IS 

Average  iniutation  wait  o<  two  conductor,  |A«8) 
produced  iimUtaneouity  at  vcvUoui  ipeedi 


The  differences  in  the  overall  diameter  of 
the  two  conductors  produced  in  the  prototype 
line  varied  between  0.005  and  0.018  mm  depend- 
ing upon  gauge  and  line  speed. 

The  sample  size  was  fortunately  large 
enough  (4000)  to  ensure  that  the  following 
conclusions  are  reliable: 


1  The  insulated  conductors  produced  in 
the  two  conductor  line  easily  passed 
all  of  the  specified  requirements. 


- The  two  conductor  line  is  fed  by  flyers 
while  the  conventional  line  has  a wire 
drawing  machine  with  annealer. 

■-  There  are  small  differences  such  as  the 
water  trough  design  and  in  the  monitor- 
ing controls. 

In  our  initial  economic  considerations  we 
will  compare  the  two  lines  and  later  add  a 
correction  factor  to  the  results  of  the  two 
conductor  line  to  compensate  for  wire  drawing 
being  a separate  process. 

5.2.1  Production  Data 

The  time  required  to  produce  a given 
quantity  of  good  production  in  relation  to 
line  speed  is  required  to  complete  our  cost 
study.  The  parameters  which  were  studied  for 
various  speeds  are: 

- Length  of  insulated  conductor  per  bob 
bin. 

- Length  of  scrap  per  bobbin  of  good 
production . 

- Theoretical  time  required  to  manufac- 
ture a bobbin. 

- Average  downtime  for  various  causes 
such  as  wire  breaks. 


2 The  differences  observed  in  quality 
levels  or  average  test  values  between 
the  single  and  double  conductor  lines 
is  acceptable. 

3 The  two  conductors  produced  in  the 
prototype  line  were  "identical  twins", 
in  that  any  differences  between  them 
were  comparable  to  those  obtained  from 
two  separate  conventional  tandem  lines 
(see  figure  19). 


Ug.  19 

HicAognaph  o<  cnoa  iec tion  of  two  0.6  mu  conduc- 
tor produced  on  prototype  Line. 

5 . 2 Economic  Considerations 

The  economic  study  of  the  two  wire  line  is 
based  upon  a comparison  with  a conventional 
tandem  line.  As  we  have  already  seen  the 
principal  differences  between  the  two  lines 
are : 

- The  prototype  line  insulates  two  con- 
ductors and  the  conventional  line  one. 


- Average  downtime  due  to  other  causes 
such  as  set  up  time,  mechanical  or 
electrical  breakdowns. 

Certain  assumptions  were  necessary  where 
the  data  collected  was  more  favorable  to  the 
two  conductor  concept  than  would  logically  be 
the  case.  Some  of  these  were: 

- Missed  Crossovers:  The  two  conductor 
line  was  assigned  twice  the  downtime 
for  this  cause  as  is  common  with  sin- 
gle wire  lines. 

- Wire  Breaks  in  the  Crosshead:  Again, 
the  two  conductor  line  was  assigned 
twice  the  frequency  of  breaks  experi- 
enced with  a conventional  line. 

- Other  Downtime:  Actual  data  collected 

was  arbitrarily  increased  151  for  set 
up  time  and  maintenance  downtime  101. 
These  may  be  high  in  view  of  the  ab- 
sence of  a wire  drawing  machine  in  the 
prototype  line,  however  it  was  felt 
that  such  may  be  the  case  over  a long- 
er time  period. 

5.2.2  Summary  of  Production  Data  Conclusions 

The  total  time  required  to  produce  one 
bobbin  on  the  conventional  line  was  approxima- 
tely the  same  as  for  two  bobbins  on  the  proto- 
type line  at  speeds  up  to  5000  FPM.  At  speeds 
beyond  this  point,  the  two  conductor  line  re- 
quires less  time  to  produce  two  bobbins  com- 
pared to  one  bobbin  for  normal  tandem  lines. 

The  principal  reason  for  this  is  the 
frequency  of  breaks  in  relation  to  speed  and 
the  wire  drawing  element  in  the  tandem  line 
with  its  substantial  downtime  caused  by  the 
subsequent  string  up  of  the  machine. 
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F*p.  20 

Time  requited  to  produce  cne  bobbin  on  conven- 
tional (me  and  tux  bobbini  on  prototype 
tine  lie  Lid  Line J 

The  actual  speeds  which  can  be  obtained  in 
practice  depend  upon  wire  gauge  (extruder  out- 
put) and  the  other  limiting  factors  discussed 
in  previous  sections. 

If  we  accept  the  conclusions  given  in 
figure  20  we  see  that  the  ideal  theoretical 
speed  for  the  single  conductor  line  is  approx- 
imated- 0000  F I’M  compared  to  10500  Fl’M  for  the 
two  conductor  line.  Keeping  in  mind  that  the 
prototype  line  is  producing  two  conductors  at 
any  given  speed  the  differences  in  output  are 
substantial.  According  to  the  results  of  our 
studies  it  would  appear  that  if  the  conven- 
tional line  could  operate  at  13000  FPM  the 
prototype  line  would  only  require  8200  FPM  to 
produce  more  than  twice  as  many  bobbins  per 
day.  The  use  of  the  term  ideal  theoretical 
speed  is  arbitrary  in  that  problems  such  as 
spooler  crossover  make  such  speeds  impractical 
at  present. 

5 . 3 Cost  Study 

Using  the  production  data  described  above 
as  a base,  the  usual  factors  which  are  uti- 
lized to  determine  costs  were  calculated. 

These  include: 


Direct  Labor 
Indirect  Labor 
Amort i zat ion 
Manufacturing  expense 
Energy  consumption 


The  proportional  costs  related  to  the 
drawing  operation  as  a senarate  process  were 
added  to  the  prototype  line  to  make  the  con- 
clusions comparable. 

As  indicated  in  figure  21,  it  is  obvious 
that  the  two  conductor  line  is  more  economical 
at  all  line  speeds  with  an  average  saving  of 
301  at  "normal"  speeds  and  over  601  at  ultra 
high  speeds  excluding  taw  materials  costs. 


SPfCO  IN  THOUSANDS  OF  FPM 

fig.  21 

Cost  *n  monetary  un*T4  per  km  at  varioui  ipeedi 

for  conventional  line  vi  double  conductor  line 

6 . OTHER  THEORETICAL  APPLICATIONS 

Assuming  that  the  practical  considerations 
have  been  resolved  for  the  two  conductor  in- 
sulating concept  the  next  logical  step  may  be 
the  insulation  of  "pairs".  A theoretical  evo- 
lution could  be  a line  which  has  two  extruders, 
one  producing  the  ring  and  the  other  the  tip 
color.  Each  is  insulating  two  conductors. 

At  the  exit  end  of  the  capstan  the  "pairs" 
would  be  led  via  sheaves  to  the  respective 
spoolers.  In  effect,  each  bobbin  would  con- 
tain equal  lengths  of  the  ring  and  tip  colored 
conductors  wound  on  a parallel  basis.  The 
bobbins  could  later  payoff  (probably  on  a roll 
off  basis  only)  into  a conventional  pairing 
machine  for  twisting.  Our  early  trials  were 
performed  in  a similar  manner.  Disposing  of 
only  one  spooler  both  of  the  wires  produced 
were  wound  on  the  same  bobbin  and  the  individ- 
ual conductors  were  later  rewound- onto  indi- 
vidual bobbins.  Trials  demonstrated  that  both 
conductors  could  be  paid  off  into  a pairing 
machine  without  any  difficulty  whatsoever.  If 
one  were  to  produce  small  pair  count  layless 
cable  it  would  be  possible  to  install  rotating 
payoffs  behind  the  sheathing  extruder  and  pro- 
duce the  pairs  as  they  were  paid  off  thereby 
eliminating  all  manufacturing  steps  between 
insulating  and  sheathing.  Such  rotating  pay- 
offs already  exist  in  Europe  but  are  used  for 
combination  pairing/stranding  machines. 

7 . CONCLUSIONS 

It  should  be  pointed  out  that  a project 
such  as  this  receives  limited  support  because, 
after  all,  if  it  is  feasible  why  isn't  every- 
one else  doing  it?.  Such  doubts  are  reasona- 
ble and  a very  limited  budget  was  established 
for  development  of  the  prototype  line. 

Most  of  the  special  components  were  fabri- 
cated in  the  shop  from  obsolete  parts.  Some  of 
the  limitations  therefore  are  not  the  result 
of  the  process  itself  but  are  largely  due  to 
self-imposed  budget  restrictions.  Having  de- 
termined that  this  concept  is  completely  fea- 
sible the  next  step  is  to  replace  the  weaker 
elements  with  sound,  conmercially  available  components. 

Nevertheless  we  can  observe  that  the  cur- 
rent practical  limitation  of  the  two  conduc- 
tor line  might  be  8000  FPM  x 2 - 16000  FPM 
(flyer  and  spooler  limitation). 
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The  single  conductor  line  in  our  opinion, 
has  a practical  limitation  of  approximately 
8000  FPM  also  due  to  the  problems  discussed  in 
2.6  and  4.5  in  reference  to  the  spooler. 

Summariiing  other  points  of  interest: 

- As  indicated  in  section  6 -Ott ten  Theo- 
retical Application* - the  potential 
which  exists  for  the  prototype  line  goes 
beyond  the  obvious  advantages  which  we 
have  already  examined. 

- Downtime  due  to  the  interference  factor 
of  both  wires  being  stopped  when  only 
one  conductor  was  broken  was  more  than 
offset  by  the  reduction  in  wire  breaks 
and  downtime  due  to  wire  drawing  and 
anneal i ng . 

- Average  production  output  was  equal  to, 
or  exceeded,  two  single  tandem  lines. 

- In  the  two  conductor  process  the  drawing 
operation  must  be  performed  separately. 
Despite  this  additional  cost,  the  proto- 
type line  is  substantially  less  costly 
overall.  This  fact  would  seem  to  sup- 
port the  argument  for  separating  wire 
drawing  now  that  there  are  machines  ca- 
pable of  12000  FPM,  speeds  which  we  may 
have  difficulty  in  taking  full  advantage 
of  in  a tandem  line. 

- This  type  of  line  particularly  suits  the 
production  of  heavier  gauges  or  special 
thick  wall  insulation  designs  which  re- 
duce a tandem’s  output  considerably. 

- Once  released  for  production  the  quality 
level  of  the  subject  line  was  comparable 
to  that  of  the  tandem  insulators. 

- Tensions,  tip  and  die  wear,  maintenance 
attention,  etc.,  was  comparable  to  that 
of  conventional  lines. 

While  the  two  conductor  line  has  an  ad- 
ditional spooler  that  can  potentially 
give  additional  maintenance  problems, 
this  is  offset  in  that  the  single  con- 
ductor lines  have  the  drawing  machine 
and  annealer. 


- Different  heats,  particularly  in  the 
crosshead,  were  required  to  maintain 
surface  finish  in  the  double  insulating 
line  due  to  the  increased  amount  of  ma- 
terial flow  through  the  crosshead. 

- A significant  savings  in  electrical  con- 
sumption resulted  primarily  from  the 
elimination  of  an  extruder. 

- The  additional  space  required  for  con- 
version to  a two  conductor  insulating 
line  is  minimal  and  is  essentially  the 
same  as  that  which  is  required  for  a 
single  wire  line. 

- The  capital  investment  required  to  modi- 
fy a conventional  insulating  line  to  run 
two  conductors  simultaneously  is  approx- 
imately 1/4  to  1/3  of  the  capital  invest- 
ment required  for  a conventional  line. 
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COMPUTER  CONTROL  OF  HIGH  SPEED  WIRE  COATING  LINES 


by 

V.  LeNir 

NORTHERN  TELECOM  LIMITED 
Montreal,  Quebec 

1.  SUMMARY  3.  EXPERIMENTAL  INSULATING  LINE 


This  paper  describes  the  development  of  a 
computerised  control  system  for  a high  speed 
wire  insulating  line.  It  resulted  in  a sub- 
stantial improvement  of  the  transmission 
characteristics  of  the  final  product  and,  in 
addition,  there  will  be  savinqs  in  material 
and  labour  costs.  Software  was  developed 
which  paved  the  way  for  a similar  system  to 
be  installed  on  a ban);  of  insulating  lines. 

2.  INTRODUCTION 

It  was  realised  soon  after  the  introduction 
of  filled  telephone  cables  that  capacitance 
unbalance  to  ground  levels  were  not  comparable 
to  those  obtained  in  air  core  cables.  Based 
on  theoretical  considerations,  levels  up  to 
65%  higher  were  estimated  (reference  1). 

This  incompatibility  with  system  noise  level 
objectives  becomes  a serious  concern  where 
filled  cables  are  used  in  long  loops.  It 
is  important  therefore  to  restore  the  per- 
formance of  the  cable  to  that  of  air  core 
PIC  cables.  Since  capacitance  unbalance  to 
ground  is  mainly  caused  by  non-uniformity 
of  dimensional  and  dielectric  properties  of 
the  individual  conductors,  the  required  impro- 
vement can  be  achieved  by  a much  higher  degree 
of  manufacturing  control. 

The  route  of  computerisation  was  followed 
by  Northern  Telecom  to  obtain  better  coaxial 
capacitance  and/or  diameter  control  of  foam 
skin  and  solid  insulated  conductors. 

The  first  phase  of  the  project  involved  a 
study  of  rheological  properties  of  insulating 
materials  as  related  to  processing  behaviour. 

A number  of  computer  programs  were  written 
to  analyse  various  aspects  of  the  wire  insu- 
lating process  — for  instance  programs  were 
developed  for  extrusion,  for  melt  flow  in 
the  die,  and  for  cooling  of  the  insulated 
conductors.  This  approach  enabled  a more 
systematic  analysis  of  process  problems  to 
be  carried  out,  and  provided  a background 
for  computerisation  of  the  extrusion  process. 

An  experimental  high  speed  wire  insulating 
line  and  computer  control  system  were  then 
installed  with  the  objective  of  developing 
skills  in  a production  environment  without 
any  of  the  associated  pressures.  This  phase 
lasted  about  one  year.  Based  on  the  results, 
the  decision  was  made  to  install  a similar 
system  in  a strictly  production  environment 
(at  the  Kingston  Cable  Works)  for  12  PIC 
insulating  lines.  This  installation  is  under- 
way at  the  present  time. 


A schematic  of  the  line  is  shown  in  Fig. (I) . 
The  line  was  used  to  evaluate  different  types 
of  resins  and  insulations.  In  addition,  re- 
sults were  obtained  from  "simulation"  programs 
to  provide  information  relative  to  "optimised” 
steady  state  line  operating  conditions.  In 
parallel  witli  these  activities,  problems  per- 
taining to  computerisation,  such  as  oper- 
ator acceptance  and  system  reliability,  were 
resolved . 

4.  COMPUTER  CONTROL  SYSTEM 

Various  systems  to  achieve  closed  loop  control 
of  process  parameters  can  be  rather  loosely 
categorised  as  follows: 

(1)  Hardwired  dedicated  per  lino  (analog) . 

(2)  Minicomputer/microprocessor  dedicated 
per  line. 

(3)  Minicomputer  shared  ("multi-line"),  with 
analog  backup. 

(4)  Supervisory  minicomputer  plus  micropro- 
cessor dedicated  per  line. 

Examples  in  category  (2)  can  be  found  in 
references  (2)  and  (3). 

Costs  of  the  different  systems  vary  widely 
depending  on  the  degree  of  flexibility  and 
features  offered. 

A n'imber  of  systems  were  evaluated  and  the 
FOX  2/30  control  system,  manufactured  by  The 
Fo.tboro  Co.,  was  selected  (1973)  because  it 
best  satisfied  the  following  requirements: 

(a)  Flexibility  - The  system  can  be  applied 
to  different  and  evolving  processes  in  cable 
making. 

(b)  Support  of  high  level  program  languages 
- it  is  time  consuming  to  handle  problems 

in  assembler  language. 

(c)  Ease  of  on-line  program  development  - 
the  foreground/background  mode  of  operation 
enables  programs  to  be  developed  on-line  while 
control  functions  are  being  executed. 

(d)  Expandibility  - The  system  is  easy  to 
expand  and  distance  between  lines  does  not 
pose  any  problem. 

(e)  Reliability /ease  of  maintenance  - The 
system  had  been  field  proven  for  two  years. 
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5.  CONTROL  SYSTEM  HARDWARE  CONFIGURATION 

The  system  hardware  configuration  is  compris- 
sed  of  the  following  con[»nonts: 

Central  Control 


- Central  Processor 

- Core  menorv  28K  16  bit  words 

- Bulk  storage  (fixed  head  disk)  496K 

- High  speed  paper  tape  reader  and  punch 

- Magnetic  tape 

Process  Interface 


- Digital  input  nodule  (up  to  1200  digital 
inputs) 

- Digital  output  nodule  (up  to  1200  digital 
outputs) 

- Pulse  count  module  (up  to  60  counters) 

- Interspec  Communication  Module  (ISCM 

- Interfaces  with  controllers  and  analog 
inputs) 

Operator  Interface 

- Operator's  console  (CRT  for  display 
of  functional  blocks) 

- Engineering  display  unit  (CRT  for  pro- 
gram development,  trending) 

- System  teletype  (KSR  35  teletype  for 
program  development,  hard  copy  trending). 

- Logging  teletype  (KSR  35  teletype  for 
production  reports,  alarm  messages  etc.). 

Fig.  (II)  illustrates  the  computer-process 
communication  hardware.  Up  to  3 Interspec 
Communication  Modules  (ISCM)  can  be  incorpor- 
ated into  the  computer,  giving  a maximum 
of  3 x 16  x 16  = 768  control  loops  or  mixture 
of  control  loops  and  inputs  (3  inputs  si 
control  loop) . Our  control  system  had  one 
Controller  Communication  Module  (CCM)  and 
one  Analog  Input  Module  (AIM)  to  handle 
requisite  controlled  and  monitored  points 
(listed  later) . 

6.  OPERATING  SYSTEM  SOFTWARE 


The  operating  system  provides  a foundation 
on  which  user  oriented  application  software 
may  be  developed  - via  IMPAC  process  control 
language  and  FORTRAN. 

Impac 

impac  (Industrial  MultiLevel  Process  analy- 
sis and  Control)  is  a package  of  programs 
providing  a means  by  which  different  types 
of  functional  blocks  (e.g.  scan,  control  or 
computational)  may  be  constructed  and  linked 
if  required  to  provide  a control  strategy. 
Each  block  is  identified  by  5 characters, 
the  first  being  an  alphabetic  and  the  next 
four  digits.  Once  the  block  is  built  (via 
a series  of  questions  at  the  terminal),  its 
characteristics  may  be  displayed  at  the 
operator’s  console  (Fig.  (iii)).  Blocks 
may  be  modified  easily  and  control  schemes 
rapidly  rebuilt.  Typical  data  acquisition 
features  such  as  signal  conditioning,  ampli- 
fier drift  compensation , alarming,  etc.  are 
provided . 


Fortran 


Programs  may  be  written,  compiled  and  debugged 
on-line  without  interfering  with  any  control 
functions  (foreground/background  mode  of 
program  execution) . They  communicate  with 
the  IMPAC  system  via  system  subroutines, 
thus  providing  considerable  flexibility  in 
developing  control  strategies.  In  addition 
a number  of  system  subroutines  allow  time 
based  functions  to  be  executed  (e.g.  periodic 
cycling,  or  scheduling)  - in  otherwords  real 
tine  FORTRAN  is  implemented  in  the  system. 

7.  COMPUTER  - PROCESS  INTERFACE 


Interfaced  inputs  and  outputs  for  the  control 
system  are  shown  in  the  following  table: 


Inpats  Outputs 

ProCoss  to  Conputrr  Computer  to  r°- 


Di aneter 
Capaci  tar.cc 
Pre'-cat 

Melt  Temperature 

Main  screw  W’M 
Secondary  screw 
Line  Speed  * 

Movable  Tr 

tone  Temper Jtuje  1-5 
Head  Ten  pvt  at  ire 
Worm  Water 


Annealer,  preheat  urrent 
Reheat  curcent 

Digital  States  (or./ of  ' ) 

Product  Ty.w> 

Start/stop 
bine  reset 
Reel  Chany cover 

Line  Reset 

Line  Status  lights 

(Plus)  3 park  Count 


X 

X 

X 


X 

X 

X 


8.  USER  DEVELOPED  SOFTWARE 

Control  schemes  can  be  developed  via  IMPAC 
blocks  on  a per  process  basis.  Fortran  is 
used  to  activate  block  linkages,  insert  tuning 
constants  to  blocks,  cycle  .devant  programs 
and  satisfy  other  product/process  oriented 
requirements.  The  program  system  developed 
provides  the  following  features: 

(a)  Operator  selectable  product  type. 

(b)  Line  check  prior  to  startup  (e.g.  is 

the  barrel  temperature  profile  correct?). 

(c)  Automatic  startup  to  line  running  oper- 
ating conditions  - line  startup  modes 
can  be  reasonably  flexible. 

(d)  Automatic  switch  over  to  predefined 
control  strategy,  if  "line  running" 
conditions  are  acceptable. 

(e)  Ease  of  on-line  change  of  control  stra- 
tegy. 
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(f)  Line  condition  printout. 


Additional  features  available  are  production 
reporting  and  parameter  trending,  and  autom- 
atic loop  tuning  is  under  development. 

As  an  example  Fig.  (iv)  illustrates  the 
control  block  diagram  constructed  for  our 
insulating  line.  The  following  steps  are 
taken  to  "close  the  loop"  for  foam  skin 
insulated  and  for  solid  insulated  conductors: 

(a)  Foam  skin  insulated  product  (selected 
via  control  panel  switch) : 

Diameter  and  coaxial  capacitance  are  simul- 
taneously controlled.  Switches  1,  5,  6 

and  7 could  be  closed,  tuning  constants 
relevant  to  the  product  inserted  to  the 
Integral  and  PID  (Proportional-Integral-Der- 
ivation) blocks,  and  a program  or  programs 
could  be  cycled.  The  PID  and  Integral  blocks 
are  examples  of  control  blocks  in  which  an 
algorithm  is  provided  to  generate  an  output. 
For  instance  the  output  from  the  Integral 
control  block  has  the  following  form: 

A M = At 


vhere  At  is  the  point  scan  period,  Tr  is  a 
constant,  and  E is  the  difference  between  set- 
point  and  measurement. 

Thus,  in  this  example,  any  difference  between 
measured  diameter  and  its  required  value 
would  allow  an  output  to  pass  downstream  to 
regulate  line  speed.  Simultaneously,  a dif- 
ference between  measured  capacitance  and  its 
required  value  generates  an  output  which 
regulates  trough  position.  Trough  position, 
in  its  turn,  is  compared  to  a required 
trough  position  and  any  resulting  output 
regulates  the  extruder  metering  zone  set- 
point. 

(b)  Solid  insulated  product:  If  coaxial 

capacitance  is  required  to  be  controlled  via 
screw  RPM  regulation,  switches  4 and  7 wculd 
be  closed  and  a program  cycled  to  determine 
eccentricity  from  diameter  and  capacitance. 

9.  START-UP  PROCEDURE 

Fig.  V shows  a simplified  panel  for  the  purpose 
of  illustrating  start-up,  which  would  proceed 
in  the  following  manner: 

(1)  PRODUCT  SELECT 

The  operator  switches  to  the  product 
to  be  run. 

(2)  LINE  RESET 

The  Line  Reset  button  is  pressed  which 
informs  the  computer  to; 


(a)  check  all  the  blocks  associated  with 
the  line  to  ensure  that  they  are  in  correct 
condition  (e.g.  are  they  on  scan?  or  are 
they  on  control?) . 

(b)  check  the  selected  product  against 
available  file  data. 

If  either  (a)  or  (b)  is  not  satisfactory, 
the  "LINE  CANNOT  RESET"  light  is  activated, 
otherwise  line  parameters  such  as  required 
barrel  temperatures  are  set.  The  barrel 
temperature  profile  which  is  set  at  this 
point  is  a "LINE  STOPPED”  profile,  which 
is  10  - 15°F  lower  than  a "LINE  RUNNING" 
profile . 

(3)  LINE  RUN 

When  line  conditions  are  at  adequate  values 
for  start-up,  the  "LINE  READY"  light  is 
energised  indicating  to  the  operator  that 
he  can  start-up.  He  presses  the  RUN  button 
and  the  line  ramps  to  speed.  At  this  point 
the  barrel  temperature  set  points  are  raised 
to  the  "LINE  RUNNING"  set  points’  profile, 
since  viscous  heating  of  the  melt  drives 
up  temperatures.  This  procedure  facilitates 
rapid  control  of  the  line  at  start-up  for 
cellular  insulated  conductor.  Line  cond- 
itions are  again  checked  to  ensure  that  closed 
loop  control  can  be  activated.  If  it  cannot, 
the  line  automatically  ramps  down  to  stop 
with  an  appropriate  message  and  alarm  light 
on  the  panel.  There  is  some  flexibility  in 
start-up.  The  line  can  be  ramped  directly 
up  to  operating  speed,  or  in  two  stages  if 
required  - first  ramp  to  slow  speed,  then 
ramp  to  operating  speed.  Control  strategies 
can  be  changed  on-line  via  the  system  termin- 
al. 

10.  RESULTS 

One  of  the  main  objectives  of  computerisation 
was  to  reduce  the  average  capacitance  unbal- 
ance to  ground  levels  of  filled  cable  by 
improving  control  of  the  coaxial  capacitance 
of  single  conductors.  Long  term  variations 
of  + 1 pF/ft  or  more  are  typical  when  an 
insulating  line  is  run  manually.  As  line 
speeds  are  increased,  long  term  variations 
are  more  difficult  to  control.  When  the 
loop  is  closed  under  computer  control,  long 
term  coaxial  capacitance  variations  were  re- 
duced to  better  than  +0.2  pF/ft  (Fig.  VI), 
and  this  resulted  in  a significant  improvement 
of  average  capacitance  unbalance  to  ground 
of  finished  cables.  It  is  not  unusual  to 
have  average  values  worse  than  200  pF/1000  ft 
when  conductors  are  produced  under  manual 
control.  Values  better  than  100  pF/1000  ft 
have  been  regularly  attained  with  the  insul- 
ating process  under  computer  control. 

Another  benefit  of  computerisation  is  derived 
from  savings  associated  with  reduced  start-up 
scrap.  Since  tight  control  can  be  much  more 
rapidly  obtained  by  the  computer  at  start-up, 
a reduction  of  scrap  conductor  from  about 
4 reels  (half  telephone  reel  size)  to  better 
than  1 reel  is  possible  (for  cellular  insulat- 
ions) . 
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The  results  obtained  from  this  "prototype" 
computerised  control  system  provided  justif- 
ication for  the  installation  of  a multiline 
computer  control  system  in  our  Kingston 
Cable  Works.  It  is  envisaged  that  a minimum 
of  supervision  of  the  computer  and  periphera- 
ls will  be  required,  with  all  required  fun- 
ctions being  available  at  the  line  on  a 
simple  control  panel.  In  othorwords  the 
computer  connection  will  be  transparent 
to  the  operator. 

11.  CONCLUSIONS 

The  objectives  which  were  outlined  initially 
for  the  development  of  a computerised 
control  system  on  a single  process  line 
as  a prelude  to  more  comprehensive  automation 
of  cable  plant  processes  have  been  satisfied. 
Software,  adaptible  to  different  product/pro- 
cess line  requirements,  was  developed  and 
enabled  us  to  proceed  with  the  implementation 
of  a multiline  computerised  monitoring  and 
control  system. 
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A UNIQUE  MONITORING  SYSTEM  FOR  EXPANDED  WIRE  INSULATIONS 


T.  S.  DOUGHERTY 

Western  Electric  Company,  Inc. 
Norcross,  Georgia 


Abstract 


FIGURE  1 


A unique  monitoring  system  is  described 
for  use  in  the  manufacture  of  expanded  wire 
insulations.  The  system  makes  use  of  coaxial 
capacitance  versus  DOD  plots  to  allow  the 
on-line  measurement  of  insulation  expansion 
and  weight.  The  monitor  is  used  to  demon- 
strate the  effectiveness  of  process  variables 
in  controlling  the  expansion  process.  It  is 
also  used  to  compare  the  process i bi 1 i ty  of 
dual  expanded  insulation  and  single  layer 
expanded  insulation. 


Introduction 

Expanded  insulations  have  been  under 
development  in  the  Bell  System  for  approxi- 
mately 20  years,  but  widespread  introduction 
of  such  insulations  has  not  occurred.  This 
was  primarily  due  to  the  difficulty  of  effi- 
ciently manufacturing  quality  expanded  insu- 
lations at  high  speed.  However,  technical 
solutions  to  many  of  the  problems  which  have 
retarded  the  growth  of  expanded  insulations 
are  now  in  hand.  The  development  of  non- 
plating chemical  blowing  agents,  and  methods 
of  compounding  blowing  agents  into  pellets  or 
blending  them  into  flake  are  several  areas 
where  breakthroughs  have  occurred  in  the 
industry  to  Improve  process  stability. 

Within  Western  Electric  process  develop- 
ment has  been  concentrated  in  the  following 
key  areas: 

1.  Insulating  tool  design 

2.  Extrusion  screw  design 

3.  Raw  material  Inspection 

4.  Bare  wire  temperature  measurement 

5.  Insulation  coolinq  studies 

6.  Process  monitoring 

7.  Process  control 

The  result  of  this  effort  has  been  the 
development  of  an  efficient  high  speed  pro- 
cess for  the  manufacture  of  Dual  Expanded 
Plastic  2nsulated  Conductors  (i.e.  DEPIC). 
Cross  sections  of  a variety  of  DEPIC  insula- 
tions are  shown  in  Figure  1 and  Include 
waterproof  designs  and  low  capacitance  de- 
signs for  T carrier  applications.  They  were 
manufactured  at  line  speeds  varying  from  1600 
to  6000  feet  per  minute. 

Previous  papers  presented  at  the  Inter- 
national Wire  and  Cable  Symposium  discussed 
the  development  of  an  Insulation  cooling 
model, 1 and  raw  material  inspection  proce- 
dures for  expandable  polyolef 1 ns . 2 A third 
paper  discussed  applications  for  DEPIC  insu- 
lations in  telephone  cable. 3 
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The  purpose  of  this  paper  is  to  describe 
a unique  insulation  monitoring  system  which 
was  developed  to  provide  an  improved  under- 
standing of  the  Insulating  process.  It  has 
been  found  to  be  a valuable  tool  in  the 
specification  of  insulation  capacitance  and 
DOD  requirements,  and  has  been  used  in  the 
laboratory  to  interpret  experiments  on  the 
effects  of  process  variables. 


Foam  Versus  Solid 

The  foam  insulating  process  is  sensitive 
to  raw  materials,  hardware  design,  and  to 
all  operating  variables.  Screw  speed,  line 
speed,  barrel  zone  temperatures,  wire  temp- 
erature, water  trough  position  and  water 
temperature  either  affect  the  insulation 
weight  per  unit  length  or  the  degree  of 
expansion  or  both.  These  independent  pro- 
cess variables  must  be  controlled  to  simul- 
taneously meet  Insulation  specifications  on 
two  dependent  variables,  coaxial  capacitance 
and  DOD.  By  contrast  the  solid  plastic  in- 
sulated conductor  (i.e.  PIC)  process  in- 
volves the  control  of  one  Independent  vari- 
able, either  line  speed  or  screw  speed  to 
meet  a specification  on  one  dependent  vari- 
able, coaxial  capacitance  or  DOD.  The  com- 
plexity of  the  foam  process  is  caused  by 
the  additional  degree  of  freedom. 

When  manufacturing  expanded  Insulations 
both  coaxial  capacitance  and  DOD  are  usually 
monitored  on  separate  channels  of  a strip 
chart  recorder  to  assure  that  they  are 
within  specification  limits.  Typical  traces 


are  shown  in  Figure  2 for  22  AWG  DEPIC  manu- 
factured at  5000  ft/min  for  waterproof 
cable.  A cross  section  of  this  insulation 
is  shown  in  Figure  3,  and  consists  of  a 
2 mil  skin  of  colored  high  density  poly- 
ethylene over  a 4556  expanded  core  of 
natural  high  density  polyethylene.  Also 
shown  is  an  equivalent  single  layer  Expanded 
Plastic  Insulated  Conductor  (i.e.  (EPIC). 


FIGURE  2 
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The  capacitance  and  DOD  traces  are 
interpreted  to  determine  which  process 
variables  require  adjustment  to  approach 
the  nominal  condition.  This  decision 
process  Is  not  easy,  but  It  can  be  supple- 
mented by  off-line  measurements  of  percent 


expansion  and  insulation  weight  per  unit 
length.  Screw  speed  can  then  be  adjusted 
to  control  insulation  weight,  and  air  gap 
or  barrel  temperature  to  control  expansion. 
A system  which  would  allow  the  on-line 
measurement  of  insulation  expansion  and 
weight  per  unit  length  would  facilitate 
this  decision  making  process. 


The  Capac i tance-DOD  Display 

Since  expanded  insulations  must  meet 
specifications  on  both  capacitance  and  DOD, 
it  is  proposed  to  display  capacitance  direct- 
ly against  DOD  on-line  using  an  X-Y  recorder 
or  X-Y  scope.  The  capacitance  and  DOD  limits 
can  be  superimposed  on  such  a display  as 
shown  in  Fiqure  4.  The  capaci tance-DOD  trace 
must  lie  inside  this  operating  window  to  be 
within  specification. 


FIGURE  4 


OPERATING  WINDOW 


SPECIFICATION  LIMITS 


Additional  information  can  be  gained 
from  this  type  of  display  by  superimposing 
lines  of  constant  plastic  expansion  (i.e. 
core  expansion  in  the  case  of  DEPIC),  and 
lines  of  constant  Insulation  weight  per  unit 
length  as  shown  In  Figure  5.  The  lines  of 
constant  expansion  and  weight  were  calculated 
from  standard  equations  for  coaxial  capaci- 
tance and  Insulation  weight.  The  coaxial  ca- 
pacitance equation  for  DEPIC  follows: 


ef  logic 


[DUD 
[ DOD- 2 1 


7.36  es  cf 
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where C«coax1al  capacitance-picofarads  per  ft. 
D0D*d1ameter  over  dielectric 
t*sk1n  thickness 
d=conductor  diameter 
es*sk1n  dielectric  constant 
ef*foam  dielectric  constant 





FIGURE  5 

COMPOSITE  DIAGRAM 
DEPIC 
22  AWG 
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Several  assumptions  were  made  In  these 
calculations.  First,  perfect  Insulation  con- 
centricity was  assumed.  Second,  the  skin 
thickness  for  DEPIC  insulation  was  either 
assumed  to  be  constant  and  independent  of 
DOD,  or  the  cross  sectional  area  of  the  skin 
was  assumed  constant  and  the  skin  thickness 
determined  as  a function  of  the  DOD  and  the 
nominal  dimensions.  The  constant  skin  thick- 
ness assumption  is  used  in  design  problems 
where  the  nominal  DOD  is  unknown.  The  con- 
stant cross  sectional  area  assumption  is 
used  when  simulating  experiments,  where  the 
extruder  output  for  the  skin  is  relatively 
constant.  Finally,  an  effective  foam  dielec- 
tric constant  was  calculated  as  a function  of 
percent  expansion  from  an  empirical  equation 
which  was  developed  by  performing  a series 
of  experiments  at  known  coaxial  capacitances, 
insulation  dimensions,  and  expansions.  This 
improved  the  accuracy  of  the  coaxial  capaci- 
tance calculation,  because  radial  variation 
of  expansion  causes  the  effective  dielectric 
to  be  lower  than  that  calculated  from  the 
usual  linear  relationship. 

Now  referring  back  to  Figure  5,  note  that 
the  insulation  weight  is  a minimum  (18  per- 
cent below  nominal)  and  expansion  a maximum 
(55  percent)  at  the  lower  left  corner  of  the 
operating  window.  Likewise,  weight  is  a 
maximum  (18  percent  above  nominal)  and  ex- 
pansion a minimum  (35  percent)  at  the  upper 
right  corner.  If  it  is  necessary  to  avoid 
high  or  low  values  of  expansion,  the  shape  of 
the  specification  limits  on  the  capacitance- 
000  display  could  be  redefined  to  limit  ex- 
treme values  of  expansion. 


This  composite  diagram  has  proven  to  be 
a useful  tool  in  the  specification  of  capaci- 
tance and  DOD  requirements  for  expanded  in- 
sulations, since  all  insulation  characteris- 
tics are  presented  on  a single  chart.  Once 
the  nominal  capacitance  and  DOD  are  chosen, 
the  effect  of  allowable  capacitance  and  DOD 
variations  on  the  ranges  of  expansion  and 
insulation  weight  can  be  easily  studied  by 
varying  the  size  of  the  operating  window. 


Effect  of  Process  Variables 

The  capaci tance-DOD  display  is  also  a 
useful  laboratory  tool.  Though  previous 
papers  have  discussed  effects  of  process 
variables^ > 5,  several  experiments  were  per- 
formed on  a high  speed  production  type  in- 
sulating line  to  illustrate  the  use  of  the 
display  in  studies  of  the  effect  of  operating 
variables  on  capacitance,  DOD,  insulation 
weight  and  percent  expansion.  Both  the  22 
AWG  DEPIC  insulation  already  mentioned  and 
the  equivalent  EPIC  insulation  were  studied 
for  comparison.  It  must  be  emphasized  that 
the  magnitude  of  the  effects  will  depend 
upon  the  type  product  being  manufactured, 
the  raw  materials,  and  the  characteristics 
of  the  insulating  line  such  as  extruder  size, 
screw  design  and  tool  design.  A 2b"  24/1 
extruder  was  used  for  the  foam,  and  an  addi- 
tional 2b"  20/1  extruder  was  used  for  the 
skin  in  the  case  of  the  DEPIC  insulation. 

An  underwater  diameter  gauge,  which 
measures  diameter  by  direct  cor^-.ct  with  the 
wire,  was  used  to  allow  the  measurement  of 
DOD  as  close  to  the  capacitance  monitor  as 
possible.  This  minimized  the  time  delay 
between  the  measurement  of  capacitance  and 
DOD  to  achieve  a good  correlation  between 
these  two  variables.  In  addition  the  capa- 
citance monitor  and  DOD  gauge  were  located 
in  a tank  between  the  capstan  and  the  take- 
up  to  assure  that  measurements  were  made  on 
cold  insulation.  An  optical  diameter  gauge 
could  have  been  used  instead  of  the  under- 
water gauge.  In  such  a case,  the  capaci- 
tance monitor  and  the  DOD  gauge  would  be 
separated  by  an  air  wipe  which  would  intro- 
duce a longer  time  delay.  This  would  not 
be  a problem  for  small  fluctuations  or  for 
gradual  changes  in  capacitance  or  DOD.  The 
deviations  of  capacitance  and  DOD  from  their 
nominal  values  were  amplified  and  sent  to  an 
X-Y  recorder  to  obtain  a permanent  record 
of  the  traces. 


DEPIC  Experiments 

Air  Gap.  The  effect  of  air  gap  is 
1 1 lustra  ted  i n Figure  6 for  DEPIC  insulation 
at  5000  ft/min.  Each  trace  was  recorded  for 
one  minute.  An  approximate  10%  change  in 
air  gap  was  necessary  to  move  the  trace  from 
the  nominal  condition  to  the  specification 
limit.  Note  that  the  trace  followed  a line 
of  constant  weight  since  only  the  expansion 
was  varied.  Also  note  the  narrow  trace  with 
the  DEPIC  insulation.  For  thin  wall  ex- 
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panded  Insulations  (ex.  5-20  mils)  the 
air  gap  was  a very  effective  means  of  achiev 
i ng  an  immediate  change  in  expansion. 

FIGURE  6 


EFFECT  OF  AIR  GAP 
DEPIC 
22  AWG 


Conductor  Temperature . The  effect  of 
conductor  temperature  is  shown  in  Figure  7. 
In  this  case  the  slope  of  the  trace  movement 
was  slightly  steeper  than  a line  of  constant 
weight,  because  conductor  temperature  not 
only  affected  expansion  but  also  the  radial 
distribution  of  expansion.  Hence  increased 
expansion  near  the  wire  caused  the  trace  at 
240°F  to  be  lower  than  predicted.  The  oppo- 
site was  true  for  the  trace  at  160°F. 

FIGURE  7 


EFFECT  OF  WIRE  TEMPERATURE 
DEPIC 
22  AWG 


Conductor  temperature  cannot  be  varied 
indiscriminately.  It  must  be  kept  as  high 
as  possible  to  meet  insulation  elongation 
requirements,  but  low  enouqh  to  avoid  forma- 
tion of  large  bubbles  aqainst  the  conductor. 
For  example,  the  sample  at  195°F  passed  a 
300T  insulation  elongation  requirement  with 
qood  bubble  structure.  The  160°F  sample  did 
not  pass  the  elongation  requirement,  and  the 
240°F  sample  contained  bubbles  aqainst  the 
conductor.  Hence,  preheat  is  not  a good 
variable  for  the  control  of  expansion. 

Screw  Speed.  The  effect  of  an  approxi- 
mate three  percent  change  in  foam  screw  is 
illustrated  in  Figure  8.  In  this  example, 
it  can  be  seen  that  both  weight  and  expan- 
sion increased  with  screw  speed.  The  re- 
sponse to  this  small  change  was  not  as  imme- 
diate as  the  changes  induced  by  the  air  gap 
or  conductor  temperature.  Approximately  two- 
thirds  of  the  total  change  occurred  almost 
immediately  as  the  extruder  output  increased. 
The  remaining  one-third  of  the  change  took 
approximately  thirty  seconds  as  a result  of 
transient  thermal  effects. 

FIGURE  8 

EFFECT  OF  RPM-FOAM 
DEPIC 
22  AWG 
5000  FT/MIN 


Though  line  speed  was  not  examined  during 
this  series  of  tests,  it  had  been  studied 
previously  and  found  to  have  the  same  type 
of  response  as  screw  speed  That  is  to  say 
there  was  an  initial  rapid  response  as  insu- 
lation weight  changed  followed  by  a short 
interval  of  drift  which  was  a result  of 
transient  thermal  effects  induced  by  a change 
in  head  pressure. 

Because  small  line  and  screw  speed 
changes  appear  equivalent,  screw  speed  is 
the  preferred  method  of  controlling  insula- 
tion weight,  especially  since  this  allows 
a constant  production  rate.  A constant  line 
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speed  also  facilitates  maintenance  of  con- 
stant conductor  temperature,  resistance  and 
elongation . 

Barrel  Temperature.  The  effect  of  the 
metering  zone  temperature  closest  to  the 
screw  tip  Is  Illustrated  In  Figure  9.  Note 
that  the  trace  closely  follows  a line  of 
constant  weight  Indicating  that  a 15°F  change 
In  barrel  temperature  had  little  effect  on 
extruder  output.  In  addition,  as  the  temper- 
ature was  Increased  In  5°F  steps,  the  reduc- 
tions In  capacitance  or  Increases  In  expan- 
sion became  successively  smaller.  The  ex- 
pansions derived  from  this  diagram  were 
plotted  In  Figure  10  as  a function  of  barrel 
temperature.  Had  the  barrel  temperature 
been  Increased  further,  expansion  would  have 
begun  to  decrease  while  the  variation  In 
expansion  would  have  Increased  due  to  a loss 
of  effective  nucleatlon  at  high  temperatures. 

FIGURE  9 


FIGURE  10 
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EFFECT  OF  BARREL  TEMPERATURE-ZONE  5 
DEPtC 
22  AWG 
5000  FT/MIN 
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FIGURE  11 

EFFECT  OF  AIR  GAP 
EPIC 
22  AWG 
3500  FT/MIN 
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EPIC  Experiments 

The  previous  series  of  experiments  was 
repeated  with  EPIC  Insulation,  which  was 
expanded  38.5*  to  maintain  the  same  capaci- 
tance and  DOD  as  the  OEPIC  Insulation.  Be- 
cause the  same  2*j"  24/1  extruder  was  used  for 
tne  foam,  the  line  speed  was  reduced  to 
3500  ft/mln  to  maintain  a foam  output  of 
55  Ib/hr  for  a fair  comparison. 

Air  Gap.  The  effect  of  air  gap  Is 
shown  In  Figure  11.  Note  that  the  scatter 
was  approximately  twice  as  great  as  with  the 
DEPIC  Insulation.  The  scatter  occurred 
primarily  along  a line  of  constant  Insula- 
tion weight  Indicating  that  variations  In 
expansion  were  occurring. 
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Color  Concentrate.  To  resolve  the 
question  o^  expansion  variation  a short 
series  of  color  concentrate  experiments  were 
performed  with  EPIC  Insulation.  The  trial 
was  begun  with  natural  Insulation  (l.e. 
without  color)  and  proceeded  throuqh  the 
standard  colors  using  2 percent  concentrate. 


The  changes  in  color  concentrate  necessi- 
tated adjustments  in  the  air  qap  from  8 to 
15  inches  to  maintain  constant  capacitance. 
This  effect  was  caused  by  differing  inter- 
actions between  pigments  and  the  chemical 
blowing  agent.  In  the  case  of  black,  a 
change  in  barrel  temperature  was  also  re- 
quired to  return  to  the  nominal  condition. 

Typical  capacitance  and  DOD  time  traces 
are  shown  in  Figure  12  for  natural,  white, 
blue  and  red  EPIC  Insulations.  The  capaci- 
tance variation  for  EPIC  insulation  without 
color  was  nearly  the  same  as  DEPIC  insula- 
tion with  color  as  shown  in  Fiqure  2,  ± .3 
pf/ft.  The  capacitance  variations  for  EPIC 
insulation  with  2 percent  color  concentrate 
were  twice  as  larqe  as  for  DEPIC,  ± .6  pf/ft 
In  addition,  the  DEPIC  colors  were  more 
discernible  than  the  typically  pastel  shades 
of  EPIC. 

FIGURE  12 
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Remaining  Process  Variables.  The  magni- 
tude of  the  effects  of  conductor  temperature, 
screw  speed  and  barrel  temperature  were  the 
same  as  for  DEPIC  insulation,  as  shown  in 
Figures  13-15.  The  primary  processing 
difference  between  the  DEPIC  and  EPIC  insu- 
lations was  the  line  speed  and  the  trace 


scatter.  When  the  EPIC  line  speed  was  in- 
creased to  5000  ft/min,  the  scatter  became 
four  times  greater  than  the  scatter  for 
DEPIC  insulation,  as  shown  in  Figure  16.  A 
larger  extruder  would  have  reduced  this 
scatter  but  it  would  not  have  approached 
the  narrow  scatter  of  DEPIC  insulation  be- 
cause of  the  effect  of  color  pigments. 

FIGURE  13 


EFFECT  OF  WIRE  TEMPERATURE 
EPIC 
22  AWG 
3500  FT/MIN 


FIGURE  14 


EFFECT  OF  SCREW  RPM 
EPIC 
22  AWG 
3500  FT/MIN 
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FIGURE  15 

EFFECT  OF  BARREL  TEMPERATURE-ZONE  5 
EPIC 


FIGURE  16 

EFFECT  OF  LINE  SPEED 


EPIC 
22  AWG 
5000  FT/M  IN 


Conclusions 

The  capacitance-DOD  insulation  monitoring 
system  has  proven  to  be  a valuable  laboratory 
tool  since  it  allows  the  on-line  measurement 
of  insulation  weight  and  expansion.  The  pre- 
vious examples  illustrated  the  use  of  the 
capacitance-DOD  monitor  to  interpret  experi- 
ments. They  demonstrated  the  ability  of  the 
monitor  to  distinguish  small  changes  in  in- 


sulation weight  or  expansion  on-line.  Be- 
cause all  pertinent  characteristics  of  ex- 
panded insulations  can  be  presented  on  a 
single  display,  a greater  understanding  of 
the  expansion  process  can  result.  This  is 
especially  true  in  the  specification  of  insu- 
lation capacitance  and  DOD  requirements. 
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SUMMARY 

An  extrusion  process  for  the  mass  production  of 
coaxial  cable  with  approximately  85#  expanded  polyethy- 
lene insulation  has  been  successfully  developed. 

The  process  provides  a stable  production  of  cable  at  a 
line  speed  equal  to  that  of  a conventional  extrusion 
process  using  a chemical  blowing  agent.  The  extrusion 
line  is  provided  with  specially  designed  equipment  and 
the  extrusion  materials  are  carefully  selected.  The 
cables  have  proved  to  be  satisfactory  in  all  applica- 
tions. This  paper  describes  the  extrusion  process  and 
discusses  the  cable  characteristics. 


1.  INTRODUCTION 

With  the  increasing  expansion  of  the  bandwidth  and 
the  increase  of  CATV  and  CCTV  facilities,  broad  band 
and  low  loss  transmission  lines  have  become  an  important 
consideration.  Although  lower  transmission  loss  in  a 
conventional  coaxial  cable,  with  approximately  50#  ex- 
panded polyethylene  insulation, can  be  obtained  through 
an  increase  in  the  conductor  and  insulation  diameter,  a 
cable  of  larger  diameter  is  inconvenient  for  installa- 
tion and  maintenance.  However,  if  a larger  cable  is 
not  adopted,  the  transmission  facilities  cost  increases 
due  to  the  increased  number  of  amplifiers  necessary. 

In  order  to  solve  these  problems,  a new  coaxial 
cable  with  approximately  85#  expanded  polyethylene  insu- 
lation was  developed.  The  primary  manufacturing  tech- 
nology^ including  the  development  of  the  materials,  was 
presented  in  1973.  However,  the  primary  technology  was 


not  appropriate  for  mass-productivity  of  the  cable;  and 
was  not  satisfactory  in  production  stability  due  to  the 
use  of  expandable  high  density  polyethylene  pellets  which 
were  pre-impregnated  with  fluorocarbon.  Since  then 
improvements  on  the  extrusion  process  and  materials 
have  been  made.  A new  extrusion  line  and  new  materials 
have  been  successfully  developed  making  a mass  produc- 
tion of  the  cable  possible. 

This  paper  describes  the  new  extrusion  process  and 
the  extrusion  conditions.  The  cable  characteristics  and 
the  development  of  the  materials  are  also  discussed. 

2.  MANUFACTURING  PROCESS 
2-1  Extrusion  line 

A schematic  diagram  of  the  extrusion  line  for 
manufacturing  highly  expanded  polyethylene  insulation 
cores  is  shown  in  Figure  1.  The  prominent  features  of 
this  process  are  as  follows  ; 

1)  The  extrusion  facility  consists  of  tandem  type 
extruders  whose  axes  are  parallel  to  each  other. 

The  polyethylene  material  flows  into  the  secondary 
extruder  through  a pipe  connecting  the  primary  and 
the  secondary  extruder. 

2)  A fluorocarbon  blowing  agent,  in  a liquid  state,  is 
continuously  injected  into  the  primary  extruder 
through  an  inlet  provided  in  its  cylinder  barrel. 

3)  An  insulation  layer  of  predetermined  thickness  is 
formed  by  the  sizing  die,  which  is  located,  with  a 
separation  gap,  at  the  cross-head  of  the  secondary 
extruder. 


Fig.  1 Extrusion  Line 
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4)  An  adhesive  coating  is  applied  to  the  surface  of  the 
inner  conductor  so  as  to  provide  good  adhesiveness 
between  the  inner  conductor  and  the  insulation  layer. 

The  primary  extruder  functions  to  melt  the  poly- 
ethylene compound  and  thoroughly  mix  it  with  the  liquid 
blowing  agent,  which  is  directly  injected  into  the 
primary  extruder  through  the  inlet.  The  mixture  is 
advanced  to  th**  secondary  extruder  where  additional 
mixing  is  accomplished  and  the  material  is  cooled  to 
a temperature  which  is  suitable  for  making  highly 
expanded  polyethylene  insulation. 

The  inlet  is  located  about  two-  thirds  of  the 
distance  down  the  barrel  and  is  equipped  with  a special 
valve  which  prevents  the  molten  polyethylene  from 
flowing  back  into  the  injection  pipe  from  the  extruder. 
During  extrusion,  the  blowing  agent  is  continuously 
supplied  from  its  storage  tank  by  a metering  pump  which 
is  designed  to  control  its  flow  rate. 

The  primary  extruder  has  functions  which  are 
different  from  those  of  the  secondary  extruder.  In 
order  for  each  extruder  to  perform  its  functions,  a 
special  screw  design  is  required.  The  primary  extruder 
screw  is  provided  with  zones  of  metering  and  mixing  at 
its  exit.  In  addition,  it  has  a compression  relief 
zone  near  the  inlet  where  the  pressure  of  the  molten 
polyethylene  is  reduced  to  provide  a continuously  stable 
injection  of  the  blowing  agent.  The  secondary  extruder 
screw  is  a common  metering  type  but  is  characterized  by 
a deeper  screw  depth  and  larger  screw  diameter  than  the 
primary  screw.  This  design  reduces  the  heat  from  fric- 
tion in  the  molten  polyethylene  without  decreasing  the 
output  capacity  of  the  secondary  extruder.  In  this 
process,  the  extrusion  temperature  must  be  strictly 
controlled.  Therefore,  stepless  controllers  using  SCRs 
are  used  for  regulating  the  temperature  of  the  cylinder 
barrel,  the  cross-head,  and  the  extrusion  die  of  the 
secondary  extruder. 

The  sizing  die,  located  near  the  cross-head,  is 
indespensable  in  the  production  of  satisfactory  cable 
cores  in  the  extrusion  line.  The  polyethylene  on  the 
conductor  expands  at  the  exit  of  the  extrusion  die, 
and  then  passes  through  a cooled  sizing  die  where  its 
expansion  is  restricted,  and  a predetermined  core 
diameter  is  formed.  The  cable  core  has  a smooth  sur- 
face and  satisfactory  uniformity  in  diameter  and 
expansion  ratio  along  its  entire  axis. 

Coatable  plastics,  such  as  low  density  polyethy- 
lene with  a high  melt  index,  are  applied  to  the  conductor 
at  the  adhesive  applicator  by  a floating  die.  This 
process  is  immediately  followed  by  the  extrusion  of 
expanded  insulation  at  the  cross-head.  The  adhesive 
coating  insures  good  adhesiveness  between  the  conductor 
and  the  expanded  insulation.  If  it  was  not  applied, 
the  pullout  strength  between  them  would  be  weak  and 
fluctuate  due  to  the  formation  of  voids  caused  by  the 
diffusion  of  the  gasified  blowing  agent  on  the  surface 
of  the  conductor. 

Other  equipment  is  the  same  as  that  installed  in 
a conventional  extrusion  line  for  producing  coaxial 
cable  cores  with  50^  expanded  insulation  using  a chemi- 
cal blowing  agent. 

2-2  Extrusion  of  coaxial  cable  core 

Insulation  Material  : A modified  polyethylene, 

with  high  processability,  is  now'  in  use  as  an  insulat- 
ing material.  Its  physical  properties  are  presented 
in  Table  1.  The  polyethylene  is  formulated  with  a 
small  amount  of  antioxidant  and  nucleating  agent. 

A robust,  highly  expanded,  insulation  material  of 
modified  polyethylene  (which  is  different  from  conven- 
tional low  density  or  high  density  polyethylene)  has 
been  developed.  High  density  polyethylene  has  a high 


Table  1 Properties  of  Polyethylene 


Density  , g/cm 

0.927 

ASTM 

D1505-  68 

Melt  Index  , g/lOmin. 

2.32 

ASTM 

D1238-  70 

Yield  Strength  , kg/mm^ 

1.22 

ASTM 

D 638  - 72 

Ultimate  Strength,  kg/mm^ 

1.30 

II 

Elongation  , fo 

545 

" 

compression  strength.  However,  its  performance  in 
sharp  bending  is  rather  poor,  but  better  than  that  of 
polystyrene  foam.  Another  shortcoming  of  high  density 
polyethylene  is  its  low  processability  which  leads  to 
production  difficulties  in  the  stable  extrusion  of 
uniform  cores.  The  basic  shortcoming  of  low  density 
polyethylene  is  its  low  compression  strength. 

Blowing  Agent  : Volatile  liquids  such  as  dichlo- 

rotetraf luoroethane(CF2C^.CF2C^ ) , trichlorotrif luoro- 
ethane  {C?2CfmCW#2  ) f dichlorodif  luoromethane  (CF2C^2  ) , 
trichloromonof  luoromethane  (CFC/’y  ) and  their  blends  can 
be  used  for  this  purpose.  According  to  our  extrusion 
tests,  dichlorotetTaf Iuoto ethane  ot  blends  of  dichlo- 
rotetraf luoroethane  and  tr ichloromonof luoromethane  or 
trichlorotrif luoroethane  produce  excellent  results  in 
the  production  of  cable  cores. 

Nucleating  Agent  : The  cell  structure  of  the 

foamed  insulation  depends  greatly  on  the  type  of 
nucleating  agent  used.  Therefore,  the  selection  is 
very  important  in  making  uniform  and  highly  expanded 
insulation.  Materials  selected  from  several  kinds  of 
inorganic  compounds,  such  as  fine  talc  and  chemical 
blowing  agents  such  as  sodium  bicarbonate,  were  tested 
in  our  extrusion  experiments.  It  was  found  that  a 
chemical  blowing  agent  was  the  most  preferable  nucleat- 
ing agent  with  concentration  levels  of  0.1  to  0.5  parts 
per  100  parts  polyethylene. 


Fig.  2 The  Effect  of  Stock  Temperature  on 
Expansion  Ratio  of  the  Insulation. 
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Four  standard  sized  CATV  cables,  with  about  85% 
expanded  insulation  have  been  successfully  manufactured 
for  the  commercial  market.  The  diameters  of  the  outer 
conductors  are  19.0mm(0.75 inch  ),  12 . 7mm(0. 5 inch ) , 

10. 5mm(0.412 inch ) and  9.5mm(0.374  inch).  The  extrusion 
speeds  are  approximately  equal  to  those  of  the  conven- 
tional process  using  a chemical  bloving  agent.  For 
example,  the  0.5  inch  size  cable  has  an  extrusion  speed 
of  25~30  m/min.  In  this  case,  the  core  diameter  and 
capacitance  are  controlled  within  +1.0%  and  +0.8%, 
respectively.  The  fluctuations  are  shown  in  Figure  6 
and  Figure  7.  Cross  sections  of  the  foamed  insulations 
are  shown  in  Figure  8 and  Figure  9. 


Fig.  3 The  Effect  of  Stock  Temperature 
on  Open  (’ell  Ratio 


Adhesive  Material  : Low  density  polyethylene, 

with  a melt  index  of  approximately  20,  was  formulated 
with  a small  amount  of  antioxidant  and  used  as  the 
adhesive  material. 

To  investigate  the  relationship  between  the  extru- 
sion (stock)  temperature  and  the  expansion  ratio  of  the 
insulation,  extrusion  tests  were  carried  out.  Results 
of  tests,  using  predetermined  constant  conditions  of 
screw  revolution,  line  speed,  and  the  rate  of  the  blov- 
ing agent,  are  shown  in  Figure  2.  The  inclination  of 
the  curve  in  Figure  2 is  remarkably  different  from  that 
of  a conventional  extrusion  process  using  a chemical 
blowing  agent.  The  expansion  ratio  of  the  insulation 
is  less  dependent  on  the  extrusion  temperature  in  our 
novel  extrusion  process  that  in  the  conventional  pro- 
cess. This  is  due  to  the  use  of  the  sizing  die  and  the 
physical  blowing  agent.  Figure  3 shows  that  the  extru- 
sion temperature  has  great  influence  on  the  open  cell 
ratio  of  the  expanded  insulation.  The  open  cell  ratio 
is  defined  as  the  ratio  of  open  cells  to  total  cells. 
From  the  view  point  of  moisture  penetration  into  the 
expanded  insulation,  the  desired  value  of  the  ratio 
should  be  less  than  10%.  Taking  thi$  requirement  into 
consideration  it  can  be  concluded  from  Figure  3 that 
the  extrusion  temperature  should  be  below  138°C.  The 
core  production  in  our  process  is  now  operated  at  138°C 
or  slightly  lover  since  it  proved  to  be  difficult  to 
make  satisfactory  cores  below  135°C.  The  relationship 
between  the  expansion  ratio  and  the  rate  of  the  bloving 
agent  is  shown  in  Figure  4.  The  blowing  agent  was 
injected  by  the  injection  pump  under  a pressure  of  70*^ 
100  kg/cm^.  Figure  4 illustrates  that  the  addition  of 
8 parts  bloving  agent  per  100  parts  polyethylene  is 
necessary  for  making  approximately  85%  expanded  insu- 
lation. The  expanding  efficiency  ( V ) is  defined  as 
the  ratio  of  the  volume  of  gas  in  the  insulation  to  the 
volume  of  supplied  blowing  agent.  Figure  5 shows  the 
effect  of  the  blowing  agent  rate  on  the  expansion  ratio 
of  the  insulation. 
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Fig.  4 The  Effect  of  Bloving  Agent  Rate 

on  Expansion  Ratio  of  the  Insulation 


Bloving  Agent  Rate,  PHR 

Fig.  5 The  Effect  of  Bloving  Agent  Rate 
on  Expanding  Efficiency 


Fig.  6 Diameter  Fluctuation  of  12.7mm(0.5")  Cable  Core 


Fig.  7 Capacitance  Fluctuation  of  12.7mm(0.5")  Cable  Core 


3-2  Mechanical  properties 


3.  PROPERTIES  OF  CATV  CABLES 


The  properties  of  minimum  bending  radius,  and 
pull-out  strength  are  tabulated  in  Table  3.  The  bend- 
ing radius  is  defined  as  the  minimum  bending  radius 
when  the  characteristic  impedance  is  changed  0.75C  (1$) 
by  a bend  in  the  cable. 


3-1  Electrical  properties 


Table  2 shows  the  electrical  properties  of  four 
standard  sized  CATV  cables  and  their  cable  structures. 
The  frequency  characteristics  of  attenuation  constants 
are  shown  in  Figure  10.  The  typical  S.R.L.  frequency 
characteristics  for  the  four  standard  sized  cables  are 
shown  in  Figures  11  through  14. 

In  a comparison  of  the  attenuation  constant  of  the 
new  cable  with  that  of  conventional  cables  (50$  expan- 
sion ratio),  of  the  same  size,  the  former  are  lower  by 
approximately  14$.  Wien  the  attenuation  constant  is 
the  same,  the  cable  diameter  of  the  new  cables  is 
approximately  20$  smaller  when  compared  to  conventional 
cables.  This  clearly  indicates  that  the  new  cables  are 
more  economical  than  conventional  cables. 


3-3  Field  evaluation 


In  order  to  evaluate  the  practical  applications 
of  the  new  coaxial  cables,  they  were  aerially  installed 
in  our  test  field  and  their  electrical  properties  were 
measured  at  regular  intervals.  No  changes  in  electrical 
properties  have  been  observed  since  the  installation 
in  July,  1975.  This  data  is  provided  in  Table  4. 


Cross  Section  of  0.374”  Insulation 


8 Cross  Section  of  0.5"  Insulation 


Attenuation  Constant,  dB/km 


Table  2 Electrical  Properties  and  Cable  Structure 
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Table  3 Mechanical  Properties 


Items 
Size  \ 

Minimum  Bending  Radius, 
mm 

Pull-Out  Strength,  kg/20cm 

Inner  Conductor 
to  Insulation 

Outer  Conductor 
to  Insulation 

19.0mm 
(0.75  * ) 

207 

(lltimes  the  cable  diameter) 

over  20 

10.0 

12.7mm 

(0.5") 

119 

(9  times  the  cable  diameter) 

over  20 

7.0 

10.5mm 

(0.412") 

86 

(8  times  the  cable  diameter) 

over  20 

Jl 

O 

9.5  mm 
(0.374") 

76 

(8  times  the  cable  diameter) 

over  20 

4.5 

4.  CONCLUSIONS 


Table  4 Results  of  Field  Test 


A stable  extrusion  process  for  mass  production  of 
highly  expanded  polyethylene  insulation  has  been  suc- 
cessfully developed.  The  manufacturing  facility  of  the 
new  cable  is  characterized  by  tandem  type  extruders 
provided  with  a liquid  injection  system,  a sizing  die, 
and  an  adhesive  applicator.  This  extrusion  line  can 
produce  nev  cable  insulation  at  the  equal  extrusion 
speed  to  that  of  expanded  insulation  using  a chemi- 
cal bloving  agent. 

This  cable  is  nov  in  commercial  use  in  Japan. 
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Summary 

This  paper  describes  a continuous  extru- 
sion process  used  for  the  production  of  flat, 
multi-wire  computer  cable.  The  two  types  of 
cable  extruded  are  polyethylene  and  ETFE 
(ethylene-tetrafluoroethylene) . The  extrusion 
equipment,  special  crosshead,  and  the  process 
controls  used  to  ensure  the  extrusion  of 
quality  cable  are  described. 

An  extrusion  process  is  used  at  the  IBM 
Research  Triangle  Park  facility  for  the  pro- 
duction of  flat-multi-wire  computer  cable. 

This  cable,  used  exclusively  for  signal  trans- 
mission, is  continuously  extruded  to  very 
close  tolerances  at  speeds  up  to  50  ft. /min. 
The  cross  section  of  a typical  flat  cable  is 
shown  in  Figure  1.  The  plastic  materials  ex- 
truded are  polyethylene  and  ETFE  (ethylene- 
tetrafluoroethylene)  . 

Extrusion  Equipment 

The  cable  extrusion  complex  is  shown  in 
the  schematic  layout  of  Figure  2 and  consists 
of  the  following  equipment: 

Wirerack 

The  wirerack  stores  up  to  66  spools  of 
wire  and  feeds  the  even-tensioned  pre-aligned 
strands  to  the  extrusion  crosshead.  Each  wire 
is  guided  from  spool  to  crosshead  by  a series 
of  guide  rolls.  The  final  guide  roll  is  a 
precision  roll  that  accurately  spaces  the 
wires  as  they  are  fed  into  the  crosshead.  The 
wire  is  also  cleaned  as  it  passes  over  the 
final  roll  by  a directed  stream  of  pressu- 
rized air. 

Each  wire  spool  rotates  on  a spindle  as 
the  wire  is  drawn  off.  An  adjustable  brake  is 
provided  for  each  spindle  to  maintain  proper 
tension  and  is  attached  to  the  spindle  through 
a torsion  spring  so  that  minor  variations  in 
the  braking  force  are  dampened. 

Extruder  System 

The  extruder  system  consists  of  a pellet- 
storage  hopper,  an  extruder,  and  an  SCR- 
controlled  drive  system.  The  storage  hopper, 
which  is  automatically  vacuum  loaded,  incorpo- 
rates a hot-air  drying  system  that  allows  the 
feeding  of  dry,  heated  pellets  to  the  extru- 
der. 

The  extruder  is  of  the  single-screw  type 
with  a 1.5-inch-diameter,  24/1  L/D  barrel. 
Strap-on  electric  heaters  are  used  to  heat  the 
barrel  in  three  zones.  Because  heat  is  gene- 
rated from  the  shearing  action  of  the  feed 
screw  when  extruding  polyethylene,  it  is  also 
necessary  to  be  able  to  cool  the  barrel.  This 
is  accomplished  in  each  zone  by  pumping  water 
through  tubing  rolled  into  the  barrel  surface. 
Solenoid  valves  control  the  water  flow  in  each 
zone.  Control  of  the  heating  and  cooling  is 
provided  by  bidirectional,  temperature  con- 


trollers featuring  time  proportioning  and 
automatic  reset  or.  both  heating  and  cooling. 
High-precision,  platinum-wire  resistance  sen- 
sors are  located  in  the  three  zones.  Tempera- 
ture of  the  barrel  is  maintained  within  +1.5* 
C of  the  set  point.  The  extruder  feed  screw 
is  a specially  designed  "Barrscrew".  Its  sig- 
nificant features  are  modified  flight  widths 
and  a flight  melt  channel.  Performance  of 
this  screw  is  excellent.  Only  the  lowest  pos- 
sible melt  temperature  is  required,  and  melt 
temperature  and  pressure  is  very  uniform.  The 
screw  is  not  internally  cooled. 

The  feed  screw  is  driven  by  a 15  HP,  SCR- 
controlled  DC  motor.  The  drive  motor  is  a 
shunt-wound  DC  motor,  the  speed  of  which  may 
be  adjusted  over  a wide  range  by  controlling 
the  armature  voltage. 

A screen  pack  is  used  not  only  to  filter 
contaminants  but  also  to  increase  back  pres- 
sure over  the  screw.  The  higher  pressure 
tends  to  level  out  the  inherent  screw  surges, 
particularly  with  lower  viscosity  melts.  A 
pneumatically  operated  changer  is  used  so  that 
a new  screen  pack  ca.i  be  inserted  without  dis- 
assembly. 

Crosshead 

The  crosshead  accurately  guides  the  wires 
into  two  convergent,  extruded  streams  and 
gives  final  shape  to  the  cable  prior  to 
quenching.  It  is  machined  to  extremely  close 
tolerances.  The  construction  and  design  of 
the  crosshead  is  schematically  presented  in 
Figure  3.  A particularly  salient  feature  of 
the  crosshead  is  the  hinged,  book-opening  type 
of  construction  that  allows  easy  access  for 
cleaning  and  wire  loading.  Lateral  alignment 
of  the  upper  and  lower  crosshead  sections  is 
possible  through  adjustment  of  the  hinge  pin, 
which  has  0.006-inch  eccentricity. 

The  internal  sprue  path  is  so  designed 
that  uniform  melt  flow  is  attained  through  the 
crosshead.  As  seen  in  Figure  3,  helically 
grooved  sprue  pins  are  positioned  at  a 45- 
degree  angle  to  the  initial  melt  flow  paths 
and  divert  the  melts  parallel  to  the  wire. 

The  melts  and  wire  meet  at  the  front  of  the 
crosshead.  A spatial  representation  of  the 
melt  flow  paths  between  the  inlet  and  exit  of 
the  crosshead  is  shown  in  Figure  4. 

Construction  and  design  of  the  internal 
wire  guides  and  profile  dies  can  be  seen  in 
Figure  5.  The  grooves  in  the  lower  wire  guide 
are  precision  machined  to  a tolerance  of 
+ 0.0004  inch  to  provide  the  wire-spacing 
accuracy  required.  The  profiling  grooves  are 
located  between  the  wires  to  assure  that  the 
shaped  cable  shrinks  toward  the  wires  during 
quenching. 

The  crosshead  used  for  extruding  poly- 
ethylene was  fabricated  essentially  from  har- 
dened Type  420  stainless  steel.  Some  warpage 
was  encountered  after  several  years  service, 


but  this  problem  was  solved  by  flame  spraying 
the  affected  areas  with  molybdenum  and  grin- 
ding to  shape.  The  higher  extrusion  tempera- 
ture and  corrosive  nature  of  ETFE  required 
the  use  of  Hastelloy  for  the  crosshead. 

Screws  and  dowels  were  fabricated  from  Dura- 
nickel. 

Appropriately  located  calrod  heaters  are 
used  to  heat  the  crosshead.  Temperature  con- 
trollers are  again  time  proportioning  with 
automatic  reset  and  use  platinum  resistance 
sensors . 

Quench  Tank 

The  quench  tank  provides  controlled  cool- 
ing for  the  cable  after  it  leaves  the  cross- 
head. As  shown  in  Figure  2,  the  tank  is  in 
two  sections:  the  initial  quench  section  con- 

taining flowing  hot  water  and  the  last  section 
flowing  cold  water.  The  water  is  heated  by 
a submerged  electrical  heater.  The  tempera- 
ture controller  has  true  time  proportioning 
with  automatic  reset  and  uses  a resistance- 
type  sensor. 

A gauge  and  metering  station  is  mounted 
on  the  exit  end  of  the  tank  to  continuously 
monitor  cable  footage,  width,  and  thickness. 
The  gauging  is  accomplished  by  two  dial  indi- 
cators and  the  metering  by  a wheel-activated 
micro-switch. 

Haul  Off 

The  commercial  haul  off  pulls  the  extru- 
ded cable  at  a controlled  speed  from  the 
crosshead  through  the  quench  tank.  The  two 
endless  rubber  belts  that  pull  the  cable  are 
driven  by  a variable-speed  DC  motor.  Power 
for  the  motor  is  supplied  by  a power  module, 
which  also  serves  as  a speed  regulator.  The 
voltage  delivered  to  the  armature  is  deter- 
mined by  the  reference  voltage  from  the  ope- 
rator's control  potentiometer,  the  tachometer 
output,  and  the  power-amplifier  output  in  such 
a way  as  to  maintain  motor  speed  within  1%  for 
any  potentiometer  setting. 

Rewind 

The  rewind  continuously  winds  the  cable 
onto  cardboard  reels.  Two  separate  capstans 
are  provided  to  facilitate  changing  reels 
without  causing  unnecessary  interruption  of 
the  process.  The  eddy-current  drive  consists 
of  an  AC,  constant-speed  induction  motor  with 
an  integral,  variable-torque,  eddy-current 
clutch.  In  the  particular  speed  range  for 
this  application,  the  unit  delivers  essenti- 
ally a constant  torque. 

Control  Station 


Cable  Raw  Materials 

The  polyethylene  used  is  a high-density, 
flame-retardant  type  with  a melt  index  of  0.40 
to  0.75  g/10  minutes  (190  C)  and  a melt  point 
of  118.0  + 3.0  C.  It  is  supplied  in  the  form 
of  diced  pellets  of  a specified  density  and 
size. 

ETFE  is  supplied  as  flat  pellets  with  a 
melt-index  range  of  6.0  to  11.0  g/10  minutes 
(297  C)  and  an  endotherm  peak  of  267  C.  Pel- 
let density  and  size  are  also  controlled. 

The  wire  is  silver-plated,  oxygen-free 
copper  with  a diameter  of  0.0071  + 0.0001. 
Minimum  elongation  is  15%. 

Process  and  Quality  Controls 

For  a certain  die  size,  the  physical  di- 
mensions of  extruded  polyethylene  cable  are 
determined  principally  by  melt-flow  and  quench 
rates,  and  haul  off  speed.  These  are  in  turn 
affected  by  screw  speed,  melt  viscosity,  pel- 
let density,  melt  temperature,  length  of  air 
quench,  and  temperature  of  hot-water  quench. 
However,  by  using  accurate  screw-drive  and 
uniform  extrusion-temperature  controls,  along 
with  specification-grade  polyethylene,  cable 
dimensions  are  readily  maintained  by  adjust- 
ing the  quench  water  temperature.  Cable 
width  and  thickness  are  continually  measured 
in-line  with  dial  indicators  and  additional 
checks  are  made  with  a hand  micrometer  and 
optical  comparator. 

Quench  characteristics  of  extruded  ETFE 
are  somewhat  different  from  those  of  polyethy- 
lene. Dimensional  control  depends  more  on  die 
size  and  extrusion  speed  and  is  more  difficult 
to  maintain.  Flattening  of  the  cable  just 
prior  to  water  quench  (see  Figure  2)  is  re- 
quired for  ETFE  to  prevent  excessive  curling. 

Parallel-  and  horizontal-wire  alignment 
are  controlled  mainly  by  the  wire  guides. 
Excessive  wear  to  either  the  lower  or  upper 
wire  guide  allows  the  wires  to  float  to  an 
out-of-tolerance  position.  A sample  from 
each  reel  of  extruded  cable  is  checked  for 
alignment  with  an  optical  comparator  or  by 
visually  examining  a cross-section.  Wire 
guides  are  replaced  as  required. 

Normally,  the  extruder  is  operated  in 
"manual  mode".  In  this  mode,  the  operator 
will  manually  shutdown  the  operation  to  cor- 
rect an  out-of-tolerance  condition.  However, 
an  error-detection  system  is  available  to 
automatically  shutdown  the  extruder  when  such 
a condition  occurs  in  "automatic  mode".  Feed- 
back is  provided  by  the  in-line  gauging  sta- 
tion. 


The  control  station  centrally  locates  the 
main-power  input  and  shutdown  systems,  extru- 
der and  haul-off  drive  controls  (10-turn 
potentiometers),  and  the  following  indicators: 
melt-pressure,  melt-temperature,  drive-motor- 
load,  extruder-screw-rpm,  haul-off-speed, 
crosshead-and-extruder-temperature , hot-water- 
quench-temperature,  and  cable-footage. 
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Figure  1 . Cross  section  of  typical  cable 
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Figure  2.  Schematic  layout  of  extrusion  complex 
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Summary 

An  extrusion  system  is  described  where  the 
cooling  trough  is  arranged  vertically  which 
saves  a considerably  big  amount  of  floor  spa- 
ce. At  the  same  time  the  cooling  can  be  achie- 
ved in  an  effective  way  by  using  a combination 
of  water  mist  and  air  streams. 

The  reel  changing  is  made  by  a device 
which  can  serve  up  to  ten  extrusion  lines  si- 
multaneously. The  device  can  also  be  program- 
med to  deliver  full  reels  at  different  loca- 
tions, and  catch  empty  reels  at  a centralized 
storing  place. 

Introduction 

In  conventional  extrusion  lines  for  tele- 
phone wires,  the  cooling  trough  is  arranged 
horizontally,  occupying  a considerable  floor 
space.  The  walking  distance  along  a line  and 
between  adjacent  lines  limits  for  the  operator 
the  possibilities  of  simultaneous  watching  the 
processing  units  of  a line  or  a group  of  lin- 
es . 

In  the  currently  used  types  of  dual  take- 
up,  the  automized  reel  changing  system  works 
only  for  a rather  short  period  of  time.  Though 
this  part  of  the  take-up  unit  represents  a big 
part  of  the  costs,  it  is  inactive  during  the 
reel  filling  time,  and  the  investment  cost  is 
multiplied  by  the  number  of  lines.  The  take-up 
deliver  the  full  reels  just  outside  the  unit 
and  a transportation  and  distribution  oper- 
ation must  be  done  before  the  reel  is  ready 
for  next  operation. 

A vertical  arrangement  of  the  cooling 
trough  is  a drastic  step  for  saving  floor  spa- 
ce. The  idea  is  based  on  a moderate  speed  sys- 
tem where  the  components  of  the  line  are  des- 
igned accordingly. 

Optimal  extrusion  speed 

When  termoplastic  insulation  for  telephone 
wires  came  in  use,  it  was  found  that  extrusion 
permitted  a rather  high  production  speed  com- 
pared to,  for  instance,  paper  lapping  mach- 
ines. The  investment  cost  for  an  extrusion  li- 
ne is  high  and  efforts  to  increase  the  economy 
has  therefore  been  concentrated  towards  even 
higher  speeds.  Increased  speed  is  not  only  a 
question  of  solving  technical  problems,  it  is 
also  a question  of  rapidly  increasing  costs 
for  the  machines.  More  scrap  is  produced  and 
the  product  will  suffer  in  quality  due  to 
variations  in  wire  elongation  etc.  Increased 
speed  is  not  necessarily  the  only  way  to  im- 
proved economy,  another  way  is  to  match  speed, 
machine-complexity,  scrap,  quality  etc,  and 
thus  find  an  optimal  solution. 

An  investigation  of  speed  used  m the  fac- 
tories today  throughout  the  world,  indicates 


that  for  ordinary  telephone  wires,  a speed  of 
1000-1500  m/s  is  usually  used,  even  if  the 
lines  are  designed  for  higher  speed. 

It  is  difficult  to  say  if  there  exists  a 
theoretical  upper  limit  in  speed,  but  friction 
in  cooling  trough,  ballbearings,  vibration  etc 
certainly  not  are  possible  to  completely  over- 
come . 

An  extrusion  line  consists  of  many  differ- 
ent components.  Let  us  study  just  one  of  them 
according  to  fig  1.  A pulley  is  fixed  on  a 
springloaded  swing  arm  and  the  wire  is  taken 
up  on  a reel,  which  has  one  flange  not  exactly 
perpendicular  to  the  rotating  shaft.  This 
causes  an  excentricity  of  the  material  taken 
up  on  the  reel.  Due  to  the  excentricity  of  the 
take-up,  the  pulley  will  be  accelerated  and 
deacce lerated , and  the  mass  reaction  of  the 
pulley  will  cause  a tension  in  the  wire.  As 
can  be  seen  from  fig  1,  the  tension  very  rap- 
idly reaches  values,  where  permanent  elonga- 
tion of  copper  conductor  occurs. 

Even  if  the  reel  is  perfect,  the  layers 
of  the  conductor  cannot  be  perfect.  This  is 
illustrated  in  fig  2.  With  a diameter  of  about 
1,5  mm  of  the  insulated  conductor  an  excentri- 
city of  3-4  mm  easily  arises,  and  also  under 
these  circumstances  a notable  tension  will 
occur . 

The  simplified  example  above  indicates 
that  unavoidable  difficulties  already  begin 
at  a speed  of  about  1000  m/min.  This  corre- 
sponds fairly  well  with  a general  experience. 

Vertical  extrusion 

If  a high  quality  extrusion  is  wanted,  a 
max  speed  of  1000  m/min  is  reasonable.  To  make 
this  speed  competitive  to  faster  running  lines 
the  components  of  the  line  must  be  designed 
for  that  speed  and  not  more,  and  some  other 
approaches  must  also  be  done.  Vertical  extru- 
sion is  one.  The  cost  for  the  cooling  trough 
is  low  as  long  as  the  height  up  to  the  factory 
ceiling  is  used.  This  length  is  generally 
fairly  short,  but  sufficient  for  extrusion 
speeds  up  to  about  1000  m/min  because  the  com- 
paratively short  length  can  be  compensated  by 
a special  cooling  system,  which  only  the  ver- 
tical arrangement  permits.  The  cooling  is 
achieved  in  a closed  system  by  air  streams  and 
water  mist. 

The  extruder  in  a vertical  extrusion  sys- 
tem can  be  the  same  as  in  a conventional, 
horizontal  line  and  the  extruder  head  is  also 
the  same,  but  turned  90°  upwards.  Only  small 
modifications  of  the  die  may  be  done.  The 
cooling  trough,  however,  must  be  designed  in 
another  way  which  also  gives  a more  efficient 
cooling  effect. 
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In  a vertical  system  the  insulated  conduc- 
tor is  completely  free-running  between  the 
extruder  die  and  the  upper  pulley.  The  cooling 
trough  consists  of  two  concentric  tubes 
according  to  fig  3. 

The  space  between  the  tubes  is  connected 
to  an  air  pressure  system,  and  air  is  pressed 
into  the  inner  cooling  tube  through  a number 
of  dies  with  small  diameter.  The  inner  surface 
of  the  cooling  tube  is  flooded  with  water, 
coming  from  the  top  of  the  tube.  The  water  is 
covering  the  air  dies  and  thereby  converted  to 
mist.  Air  streams  and  mist  are  cooling  the  wi- 
re effectively  and  no  heat  insulating  water 
film  can  develop  on  the  wire  surface. 

The  air  pressure  and  the  die  dimension  are 
chosen  so  that  the  air  temperature  after  ex- 
pansion is  approximately  -20°C.  Therefore  the 
water  mist  also  will  have  a low  temperature. 
The  water  is  circulated  in  a closed  system 
according  to  fig  4.  Since  the  total  water 
quantity  is  fairly  low,  the  temperature  of  the 
water  rapidly  reaches  an  operational  tempera- 
ture of  about  + S°C,  regardless  the  ambient 
temperature.  The  water  temperature  is  held 
constant  by  adding  water  from  an  outer  source, 
and  loss  of  water  is  compensated  from  the  sa- 
me source. 

The  cooling  system  is  not  only  an  effi- 
cient one,  it  is  also  efficiently  controlling 
water  temperature.  It  is  therefore  well  suited 
for  use  in  tropical  areas  or  places  with  big 
difference  in  night  and  day  temperature,  as 
well  as  in  areas  with  big  seasonal  temperature 
difference . 

No  common  cooling  device  and  big  water 
tanks  are  necessary.  The  air  stream  has  two 
functions;  first  the  cooling  effect  of  the 
plastic  material  and  second  to  absorb  the  de- 
veloped heat  in  the  system  and  keep  the  system 
at  a low  temperature  level.  Since  the  air  is 
an  important  part  of  the  cooling  system,  it  is 
necessary  that  the  air  pressure  is  kept  at  a 
constant  level. 

Take-up  system 

Today  most  take-ups  for  extruded  telephone 
cable  wire  have  a fully  automized  dual  system. 
They  have  a reel  changing  system,  which  is  in 
operation  a very  short  time  compared  to  the 
total  working  time  of  the  line.  In  a moderate 
speed  line  the  disadvantage  of  an  expensive 
change-over  device  is  even  more  pronounced. 

The  take-up  design  has  drawn  advantage  of 
the  moderate  speed  and  no  extra  costs  are 
built  in  by  foreseeing  high  speeds,  which  in 
practice  never  will  be  used.  A tendency  to 
claim  the  possibility  of  high  speeds  is  today 
sometimes  presented,  but  the  user  mostly  do 
not  use  the  high  speed.  Our  take-up  has  the 
wire-change-over  system  built  in,  but  no  reel- 
changing arrangement.  Instead,  a shared  reel 
distributor  device  is  developed.  The  reel  dis- 
tributor can  serve  up  to  ten  extrusion  lines, 
and  it  also  distributes  full  reels  to  storing 
places  according  to  a given  programme  and 
picks  up  empty  reels  from  another  place. 

When  only  a few  lines  are  in  use,  the  reel 
distributor  is  probably  not  justified  and  the 
reels  are  changed  manually.  Later,  when  the 


number  of  lines  may  have  increased,  the  reel 
distributor  can  be  installed.  In  this  case, 
the  take-up  system  not  only  delivers  full 
reels,  it  also  participates  in  transportation 
and  sorting  reels  according  to  a predetermi- 
nated programme.  The  cost  for  this  device  is 
shared  by  the  participating  lines.  It  is  fore- 
seen that  even  after  installing  the  reel  dis- 
tributor, the  manual  handling  can  be  made  if 
the  distributor  fails.  Maintenance  of  take-up 
can  also  be  made  during  fully  automized  oper- 
ation of  the  other  lines.  A take-up  with  reel 
distributor  in  action  is  illustrated  in  fig  5. 

Economy  of  vertical  extrusion 

The  vertical  extrusion  line  is  working 
with  a moderate  speed,  which  gives  the  product 
a high  quality.  Variations  and  amount  of  per- 
manent elongation  is  low  and  plastic  material 
performs  better  at  low  speed.  Those  circum- 
stances are  difficult  to  evaluate  in  economi- 
cal terms,  but  they  must  be  considered  when 
comparison  is  made  to  high  speed  systems. 

There  are,  however,  other  costs  that  can 
be  calculated  and  a comparison  is  made  in  fig 
6,  with  a conventional  line  where  wire  drawing 
and  annealing  in  tandem  are  included.  In  the 
vertical  line  system  conductor  drawing  and 
annealing  are  included,  but  as  a separate  op- 
eration with  a wire  speed  obtainable  for  sin- 
gle working  drawing  machines. 

A comparison  cannot  be  generalized,  local 
conditions  must  always  be  considered.  Factory 
building  costs,  workers  cost,  energy  cost  etc 
are  unlike  from  place  to  place.  Fig  6 gives 
not  only  relation  to  costs  between  vertical 
line  system  and  tandem  line,  it  also  presents 
the  relation  between  the  different  cost  sour- 
ces within  each  system. 

The  cost  relation  is  presented  as  relative 
cost  per  produced  equal  quantity.  Under  these 
circumstances  fig  6 indicates  the  following: 

Machine  cost 

The  lower  speed  of  vertical  extrusion  is 
compensated  by  low  cost  for  the  take-up  system 
as  well  as  by  higher  efficiency  of  the  con- 
ductor drawing  section. 

Floor  cost 

Here  arises  a considerable  reduction  of 
costs,  about  55  i.  Floor  cost  is  of  special 
interest  concerning  existing  buildings.  An 
extension  of  the  building  can  be  comparatively 
expensive  since  very  often  space  not  only  for 
an  extrusion  line  but  a whole  section  must  be 
built. 

Working  cost 

A cost  reduction  of  about  50  t can  be 
reached.  In  conventional  tandem  lines  an  op- 
erator can  control  up  to  two  lines,  partly 
because  big  working  area  and  partly  because 
complicated  start  up  work  after  wire  break 
etc.  With  vertical  extrusion  the  working  area 
is  compacted,  lack  of  drawing  machines  and 
easiness  of  starting  up  combined  with  less 
disturbances  makes  it  possible  for  one  oper- 
ator to  operate  five  lines  simultaneously. 
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As  an  example  of  the  convenience  of  the 
line  can  be  mentioned  that  feeding  the  cooling 
trough  with  a new  conductor  is  achieved  with 
a plastic  ball  to  which  the  conductor  is 
fastened,  and  then  shot  through  the  cooling 
tube  system  with  air  pressure.  For  this  oper- 
ation the  worker  needs  not  to  take  one  step! 

In  working  cost  is  also  wire  drawing  in- 
cluded with  high  efficiency  drawing  machines. 

Power  cost 

The  electric  power  is  needed  mainly  for 
plasticizing  the  material  and  extrude  it  over 
the  conductor.  The  need  is  therefore  more  or 
less  equal,  but  lower  speed  and  lower  power 
consumption  in  the  take-up  reduce  the  total 
power  cost  slightly. 

Air  cost 

The  consumption  of  air  in  the  vertical  ex- 
trusion line  is  higher,  but  air  is  an  essen- 
tial part  of  the  cooling  system  and  replaces 
other  cost  consuming  water  cooling  arrange- 
ments . 

Water  cost 

Water  consumption  and  circulation  are  in 
both  cases  comparatively  low  but  is  of  pro- 
nounced favour  to  the  vertical  system. 

Scrap  cost 

Scrap  represents  an  essential  part  of  the 
economy.  In  fact,  the  scrap  is  the  most  im- 
portant problem  concerning  the  development  of 
high  speed  lines,  especially  in  tandem  sys- 
tems. A problem  lies  also  in  the  fact  that 
even  if  exact  costs  can  be  calculated  for  ma- 
chine investments,  floor  cost  etc,  the  cal- 
culation of  scrap  costs  is  a rather  uncertain 
estimation.  Very  often  the  calculated  figures 
for  high  speed  lines  are  too  optimistic. 

Total  cost 

Considering  all  costs  it  is  found  that  the 
vertical  system  can  be  runned  about  20  1 
cheaper  compared  to  horizontal  tandem  lines. 

Conclusion 

Vertical  extrusion  has  for  some  time  been 
in  full  operation  in  our  factory  at  Pitea, 
Sweden,  and  has  proved  to  work  satisfactorily 
in  practice.  The  production  cost  is  lower,  at 
the  same  time  due  to  the  moderate  speed,  a 
high  quality  product  is  achieved. 

Almost  in  every  respect  the  cost  is  lower 
for  vertical  extrusion  compared  to  tandem 
lines  and  the  system  solves  very  often  inves- 
tment problems,  both  when  new  factories  are 
designed  as  well  as  in  existing  plants  where 
costs  for  extended  floor  space  very  often  is 
prohibitive. 
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